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ABSTRACT 
The main purpose of this research work was to develop a technique for the in situ 
determination of stresses in prestressed concrete structures. A novel hole drilling 
method was applied to a number of test slabs in the laboratory and several full-scale 
structures. The laboratory testing was used to validate the method in conjunction 
with the theoretical results obtained from infinite plate theory and finite element 
analysis. It was shown that the results obtained, using the technique, were generally 
within O.SN jmm2 of the applied stress level. The full-scale testing was carried out on 
a number of different structures and the results were comparable with concrete 
stresses estimated from direct measurements of residual strains in the prestressing 
steel. 
The direct method required the severing of individual strain gauged wires of the 
prestressing tendon. The level of remaining prestress could be determined for the 
structures after a number of years in service. The measurements obtained from the 
post-tensioned structures generally indicated long-term losses of 30-40%, although 
levels exceeding 70% were noted. Investigation of a number of design predictions 
for two of the structures demonstrated that there was a general underestimate of 
the losses in post-tensioned structures but that satisfactory agreement was obtained 
for the pretensioned case. The more recent codes provided a better correlation with 
the site data, although a large amount of information about the concrete 
constituents was required. 
The cutting of post-tensioning cables during the direct measurements was used to 
simulate the effects of broken and corroded cables. The effects were determined 
using the change in surface concrete strains along the line of the duct, before and 
after cutting. It was concluded that if the grout was in good condition, the length 
over which break down in bond occurred was largely controlled by the quantity of 
shear steel surrounding the duct. 
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1.1 Introduction 
CHAPTERl 
INTRODUCTION 
All prestressed concrete structures inevitably suffer losses of prestress during 
their working life. Although these losses are caused by recognised phenomena, the 
absolute magnitudes of the individual components and their cumulative effects are 
not completely understood. These inevitable losses, and the general unpredictable 
nature of concrete construction, mean that it is virtually impossible to accurately 
predict the state of stress in existing prestressed concrete structures. 
1.2 Historical backlrr0und 
During the last 18 years there have been some marked changes in the methods 
proposed for assessing the losses of prestress in prestressed concrete structures. 
Prior to 1970, many structures were designed on the basis of a 20% loss of stress 
but recent and more comprehensive methods for assessing losses generally result 
in higher predicted values. The basis for many of the prediction methods is largely 
empirical and has been derived from the results of limited and relatively short-
term experiments. On occasions this has led to a wide variation in the levels of the 
losses predicted, which has naturally produced a degree of scepticism amongst the 
designers of prestressed concrete structures. 
1.3 Prestress losses and deterioration of structures 
The losses which occur in prestressed concrete structures are due to a number of 
phenomena. Some of these occur in the short-term; such as elastic deformation of 
the concrete on stressing, anchorage take-up and friction losses. Other losses 
change with time and form a cumulative effect. These losses are caused by 
phenomena such as creep and shrinkage of the concrete and relaxation of the steel. 
1 
The variable nature of concrete and the lack of complete understanding of the 
causes and effects of long-term creep and shrinkage, have led to disparity in the 
empirical prediction methods. 
Even with the considerable advancements that have been made in the methods 
available for monitoring prestressed concrete structures and analysing the results, 
there still appears to be a conflict between design and construction. Despite the 
fact that prestressed concrete structures are designed to have a limited stress at 
working load conditions, long-span bridges in Hong Kong [1] and Brazil [2] have 
suffered excessive creep deflections in recent years. Thus it has become apparent 
that the effects of aggregate supplies and environmental conditions can be very 
significant and the use of any method for predicting losses must depend on 
experience of the prevailing local conditions. 
In considering the loss in the load carrying capacity of these structures it is not only 
the recognised prestress losses which must be taken into account, but also the 
effects caused by general deterioration of the structure leading to breakage or 
corrosion of the steel cables. There is a great risk to human life when a structure 
such as the Ynys-y-gwas Bridge collapses [3] but fortunately such events are few 
and far between. As the number of these structures suffering distress rises, the 
need for quick and relatively simple techniques for determining the in situ stresses 
becomes more urgent, especially if inspection programmes are to prove effective. 
1.4 In situ stress determination 
Previous measurements of prestress losses have been limited, especially in 
structures over 10 years old. However, over the past few years a valuable 
opportunity to assess residual levels of prestress has been provided by the steady 
increase in the number of prestressed concrete structures being demolished. As 
part of the present research study, measurements have been carried out on several 
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structures, of varying age, to evaluate the long-term prestress losses which were 
then compared with the original design estimates. 
Direct and indirect methods of determining residual stresses have been 
investigated. These involve the measurement of the change in strain which occurs 
in the steel and concrete as the demolition progresses. The indirect methods are 
non-destructive techniques designed to help establish the levels of residual in situ 
stress. Where possible, other measurement methods, such as precise levelling 
techniques, have also been used to assess the stress levels and on one occasion a 
full-scale load test was used. These new techniques are designed to provide simple 
means of determining the state of stress in prestressed concrete structures, 
although they could easily be extended to other forms of concrete construction. 
1.5 Scope and pro2ramme 
This thesis provides details of site work carried out using methods developed for 
assessing in situ stresses. Strain release measurements were made which were used 
to predict the in situ stresses, using classical elastic theory. An assessment was made 
of the validity of using this theory. A comparison was made of the levels of in situ 
stresses estimated using the results from the direct and indirect methods. In 
addition, laboratory calibration has been carried out in order to provide 
experimental data on the performance of the indirect techniques under known 
stress conditions. The stresses estimated using elastic theory have also been 
compared with those obtained from finite element analyses. 
Comparisons have been made between the measured and predicted residual 
prestress, and the estimates obtained using various Codes of Practice, for both a 
pretensioned and a post-tensioned structure. This exercise was carried out in 
order to relate the stresses obtained from the in situ strain release measurements, to 
design analysis. 
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It is anticipated that the assessment techniques will at some time be applied to 
structures which have badly corroded cables. In order to make an assessment of 
the effects of deterioration, surface measurements were taken of the concrete 
strains released by cutting the prestressing tendons during the controlled 
demolition of a number of structures. The length over which effective loss of 
prestress occurred, after cutting the steel in the post-tensioned structures, has 
been estimated from the strain release patterns. In comparing these patterns, 
the reasons for the variations in the extent to which break down of bond occurred 
have also been considered. These results provided data on the way in which break 
down of bond occurs between the steel and surrounding grout, for various 
prestressing systems. This "debonding" data can then be used in trying to assess the 
way in which localised loss of prestress affects a structure. The information will also 
be of use in the controlled demolition of structures, such as segmental post-
tensioned bridge decks, where an understanding of the behaviour of the cables on 
cutting is vital. In such cases, the degree of "debonding" may mean the difference 
between successful demolition and the uncontrolled collapse of the structure. 
1.6 Relationship to other research 
The aim of this research is to extend work commenced by Cordes [4] on the use of 
stress-relief methods for determining in situ stresses in concrete structures. Cordes 
used limited results from a simple core removal technique, with the resulting stress 
relief, on a composite steel and prestressed concrete bridge. 
In addition to this research, Mehrkar-Asl [5] is conducting complementary work on 
the use of a jacking system which can be used in the evaluation of the elastic 
properties of the concrete and hence assist the in situ stress determination. 
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CHAPTER 2 
LOSSES OF PRESTRESS IN PRESTRESSED CONCRETE STRUCTURES 
2.1 Introduction 
A number of parameters have been identified which cause an inevitable loss of the 
stress applied to a concrete structure during and after the action of prestressing. In 
general it can be shown that there are two main categories into which the causes 
of the losses can be divided. During prestressing, time independent (short-term) 
losses can occur. In post-tensioned structures these losses are caused by the friction 
generated between the tendon and the wall of the prestressing duct, the slip of the 
anchorages which hold the cables and the deformation which occurs as the load in 
the steel is transferred to the concrete in multi-cable systems. Pretensioned 
structures suffer similar losses due to elastic deformation and friction, which might 
occur where deflected tendons are used. 
Mter prestress has been applied to a member certain time dependent or 
deferred (long-term) losses occur. The reasons for these losses are complicated and 
each mechanism has an effect on the others. Relaxation of the steel, shrinkage of 
the concrete and creep of the member under load have been identified as the main 
causes for loss of prestress in the long-term. 
2.2 Short-term losses 
The causes for the initial loss of stress which can occur in prestressed 
concrete structures have been well documented and are considered to be well 
defined. 
2.2.1 Duct-friction loss 
The friction induced between a post-tensioned cable and the wall of the duct, in 
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which it is placed, causes a reduction in the prestressing force with distance from 
the jack [6]. This friction loss is dependent on the total change in angle which 
occurs in the duct and on the local irregularities or duct 'wobble'. Owens and 
Moore [7], among others, have suggested various values for friction coefficient and 
degree of wobble which can be substituted into an empirically determined formula. 
2.2.2 Anchorage slip 
When a post-tensioning cable is anchored and the load transferred to the 
member, a loss in prestress occurs as the anchorage is seated in position. The 
displacement which causes this loss varies considerably depending on the stressing 
system used; from virtually zero for threaded bars up to several millimetres for 
wedge type systems. The anticipated values for anchorage loss are usually given by 
the manufacturer and can be easily checked on site. Due to the friction between the 
duct and the cable the loss is confined to a short distance from the end and in many 
cases becomes minimal at critical sections. In the case of short beams however, this 
loss can become important and may be compensated for by initial overstressing of 
the cable. 
Identification of old anchorage systems can be important for determining the effects 
of demolition on a structure and for estimating the levels of stress likely to be 
present. Andrew and Turner [8] have produced an historical review of many types 
of prestressing systems. 
2.2.3 Elastic deformation 
In pretensioned members, and in post-tensioned members when a number of 
tendons are stressed sequentially, the deformation of the concrete under the 
applied load has to be considered. As the prestress is transferred to the concrete 
an elastic shortening takes place, which in tum causes a slackening of the cables. 
In pretensioned members the tension in the cables decreases by an amount equal 
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to the compressive strain induced in the concrete at the level of the steel. In the 
case of multi-cable post-tensioning systems, the effect of stressing each cable is to 
reduce the tension in those previously stressed. Thus, the first cable suffers the 
greatest loss and the last cable suffers no loss at all due to this phenomenon. 
Provided the jacking stress is not excessive, the losses due to elastic deformation can 
be compensated for by overstressing the cables. 
In the case of segmentally constructed structures, elastic deformation losses can be 
particularly significant. The loss of prestress can be enhanced at the joints when the 
concrete is stressed at an early age. The difference in the age of the concrete, 
between the precast segments and the in situ joints, can also mean that the long-
term losses are increased at this position. Thus, with the overall increase in prestress 
losses, compared to normal construction, the joints may open under live load to 
form a pathway for water and de-icing salts to attack the steel. 
2.3 Lon&-term losses 
Traditionally, the losses due to concrete creep and shrinkage have proved to be 
the most difficult to assess accurately. Brooks and Neville [9] and Meyers et al [10], 
among others, have used the approach of extrapolating from the results of short-
term observations to predict the long-term behaviour. This method has also been 
adopted for the prediction of the long-term relaxation which can occur in the steel. 
However, a recent report by the Federation International de la Precontraite 
(FIP) [11] has suggested that the effects of this phenomenon may be greater than 
generally accepted. 
2.3.1 Steel Relaxation 
Pure steel relaxation can be considered as the loss of prestress, in the strand, 
which occurs under constant strain. The amount of relaxation which occurs is 
dependent on the initial level of stress and the duration of loading. Thus the 
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higher the initial level of stress and the longer the load duration, the greater the 
final relaxation of the steel. Podolny and Melville [12] have shown that increasing 
temperature has a similar effect to raising the initial level of stress. 
The heat treatment and preparation of the prestressing strands has a fundamental 
influence on the relaxation losses. Therefore, it is essential to have experimental 
data on the relaxation characteristics of any given steel. This information can 
usually be obtained from manufacturers test results. Where these results are not 
readily obtainable the loss in stress due to pure relaxation can be estimated from 
formulae such as those proposed by Magura et al [13] and the PCI Committee on 
Prestress Losses [14]. However, neither the formulae, nor the data obtained from 
the manufacturers, account for any superimposed losses due to elastic deformation, 
creep and shrinkage. Grouni [15] suggested that if the short-term superimposed 
losses reduce the initial stress considerably, an attempt should be made to account 
for these. 
2.3.2 Creep 
Creep of concrete is considered to be the time-dependent change of strain which 
occurs under constant stress conditions. There are many theories relating to the 
mechanisms of creep but none appear to describe the action completely. 
Neville et al [16] consider that under drying conditions "total" creep occurs which 
appears to be related to the loss of evaporable water and the state of the hardened 
cement paste. Thus, total creep is considered to consist of two components, "basic" 
creep and 'drying' creep. It is generally agreed that creep of concrete is initially 
controlled by the water movement, or drying creep. In the longer term 
microcracking and particle movement, which cause basic creep, are more dominant. 
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2.3.2.1 Basic creep 
Basic creep is known to occur when there is no relative movement of moisture 
between the concrete and the surroundings; the concrete being in hygral 
equilibrium. As no weight loss takes place during this process it may be that 
basic creep is caused by the movement of water into partially empty voids, such as 
capillary pores, or by an increase in the specific gravity of interlayer water. 
Although opinion is divided as to which theory is correct, it is probable that this 
water causes disjoining pressures which lead to the migration of solid particles 
from highly stressed zones to stress-free zones. It is this movement of particles 
which causes basic creep. 
2.3.2.2 Drying creep 
Drying creep (or Pickett effect) is known to enhance basic creep when the concrete 
is in drying conditions. Bazant [17] suggested that this effect occurs on the 
microscopic level due to the migration of solid particles, caused by diffusion of 
water out of the gel pores, and on the macroscopic level due to the stresses and 
micro cracking caused by drying of the member as a whole. 
2.3 .2.3 Creep recovery 
When load is removed from a member, the strain decreases immediately by an 
amount representing the elastic strain at the given age. This is known as 
instantaneous recovery. There is an additional gradual recovery known as creep 
recovery. This phenomenon is analogous to negative creep, although of a smaller 
magnitude. The strain reversal is never complete and leaves the member with 
residual deformation (figure 2.1). 
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The uncertainty surrounding the mechanisms behind this phenomenon is 
reflected by the number of different types of equation that have been suggested as 
models for the development of creep with time. There are two distinct categories 
into which these equations can be divided. In the first category, creep increases 
indefinitely with time and the equations include the power equation developed 
by Straub [18] and Shank [19], the US Bureau of Reclamation logarithmic equation 
[20] and the double power equations developed by Bazant [21,22] and Bazant and 
Panula [23,24]. In the second category the equations tend to a limiting value and 
are generally in the form of the exponential type developed by McHenry [25] or 
the hyperbolic expressions given by Ross [26]. It is generally agreed that if there is 
some limiting value it occurs beyond the design life of all structures. 
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Wittman and Lukas [27] consider that although the single power expression 
overestimates long-term creep it is the best method for the estimation of basic 
creep (sealed concrete). The logarithmic equation shows good agreement with one 
year experimental data on mass concrete, obtained by the U.S. Bureau of 
Reclamation, but is inaccurate for short loading periods. There is a broad range 
of applicability for the double power equation which agrees reasonably well with 
the known data for creep, for load durations of 30 years down to 1 day. 
In the case of the equations with a limiting value, the exponential equation has 
not produced good agreement with experimental data. However L'Hermite [28], 
along with several other investigators, has been able to improve on the basic 
equation and make allowances for age at loading and relative humidity. The 
hyperbolic equation generally underestimates creep at early ages but gives good 
agreement with long-term data. 
2.3.3 Shrinkage 
It is generally agreed that the primary causes of creep and shrinkage are the same. 
Certain phenomena resulting from the mechanisms causing shrinkage are readily 
observed. The change in volume of drying concrete is not equal to the volume of 
water removed. At first the loss of free water causes little or no shrinkage but as 
drying continues, and the absorbed water is removed, a change in volume is 
observed. Carlson [29] likened the diffusion of moisture from the interior of 
concrete to that of heat diffusion, with a similar resultant strain gradient. The 
difference in compressive shrinkage strains between the interior and exterior of the 
specimen causes tensile stresses on the surface which can lead to cracking (figure 
2.2). 
Where the concrete is sealed, as in the centre of mass concrete, a phenomenon 
known as autogenous shrinkage occurs. This is due to the fact that the hydration 
11 
products of cement plus water have less volume than the sum of the two separate 
volumes. As hydration proceeds so contraction occurs. Troxell et al [30] have shown 
that this phenomenon can cause a volume change of up to a quarter of that caused 
by drying shrinkage. 
Yu split the mechanisms of shrinkage into three maIn categories of capillary 
shrinkage, chemical shrinkage and drying shrinkage [31]. 
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Figure 2.2 Resultant stress distribution due to shrinkage and applied external 
load [17]. 
2.3.3.1 Capillary shrinkage 
Capillary shrinkage is due to the pressure of pore water between the cement paste 
particles. As drying commences menisci are formed near the surface, increasing 
the capillary pressure and the forces of attraction between particles and hence 
reducing the volume (figure 2.3). Powers [32] showed that this phenomenon only 
occurs at humidities above about 45%. 
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Figure 2.3 Capillary pressure causing shrinkage [17] 
2.3.3.2 Chemical shrinkage 
Cement 
particles 
Chemical shrinkage is caused by the volume changes that occur within the cement 
gel. This comprises five parts: 
(i) Hydration shrinkage due to the addition of water to cement. The volume of 
Portland cement decreases by about 7% on adding water. 
(ii) Thermal shrinkage due to the heat of hydration initially expanding the concrete, 
which then contracts as the heat dissipates. 
(iii) Dehydration shrinkage due to the loss of water under drying conditions. 
(iv) Crystallisation swelling due to the crystal growth of the solid skeleton. 
(v) Carbonation shrinkage due to the reaction of carbon dioxide, in the atmosphere, 
with hydrated cement minerals. 
2.3.3.3 Drying shrinkage 
Wittman [33] describes the cause of drying shrinkage as the volume changes which 
occur due to moisture content variations in a colloidal inert system. The 
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surroundings need to be at a lower relative humidity in order to break the bonds 
holding the water in the structure. Swelling can be observed as the relative 
humidity increases but the structure cannot completely return to its original state 
as certain irreversible changes occur on first drying; such as the closing of some 
pores. Neville [34] found that this irreversible part of shrinkage represents 0.3-0.6 
of the drying shrinkage. When drying shrinkage and carbonation shrinkage occur 
concurrently, or sequentially, their combined effect is often to increase the total 
shrinkage strains (figure 2.4). It is important to note that when the two processes 
occur simultaneously, the resulting effect is less than the pure resultant of the two. 
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2.3.3.4 Equations for shrinkage 
As there is no doubt that shrinkage of concrete tends to a lim:ting value, the 
equations used to express it are similar to those for creep. These equations usually 
take either an exponential form, such as that developed by Lyse [35], or a 
hyperbolic form as suggested by Meyers et al [10]. A modified logarithmic-time 
equation has also been developed by Huang [36]. 
2.3.4 Simultaneous creep, shrinkage and relaxation 
It must be remembered that creep and shrinkage normally occur together in a real 
structure. Where this is the case, Wittman [33] observed that the deformation is 
usually higher than the summation of the two phenomena (figure 2.5). It is a 
matter of controversy as to whether this increase is caused by enhanced creep due 
to drying or increased shrinkage under load. However, it is evident that creep 
and shrinkage of a drying member under load cannot be separated into two 
separate components. 
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Figure 2.5 Creep, shrinkage and simultaneous creep and shrinkage [33]. 
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In the case of prestressed concrete members, the effects of these two phenomena 
are inexorably linked with the relaxation of the steel. A decrease in the load caused 
by prestressing will decrease the creep effect in the structure. Although shrinkage 
is not stress dependent, the enhanced effect due to the presence of creep may 
mean that shrinkage is indirectly affected by the relaxation of the steel. 
2.3.5 Factors affecting creep and shrinkage 
Powers [32] demonstrated that concrete which exhibits high shrinkage also exhibits 
high creep and Hansen [37] showed that there is an interdependence between 
drying creep and the irreversible shrinkage which takes place on first drying. 
Although the exact relationship between these mechanisms is still a matter for 
contention, it is known that there are a number of major factors which have an 
influence on both (table 2.1). 
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FACTORS CREEP SHRINKAGE 
---------------------------------------------------------------------------------------------------------
1. Increasing quantity of 
cement paste. INCREASED [35] INCREASED [35] 
2. Increasing quantity of 
water. INCREASED [38] INCREASED [38] 
3. Greater strength at 
loading. DECREASED [16] NO EFFECT 
4. Increased proportion of 
aggregate. DECREASED [24] DECREASED [24] 
5. Softer, more porous 
aggregate. INCREASED [39] INCREASED [39] 
6. Decrease in relative 
humidity. INCREASED [39,40] INCREASED [39,40] 
7. Increase in temperature. INCREASED [16,42] INCREASED [38,41] 
8. Steam curing. DECREASED [43] DECREASED [43] 
9. Increase in member size. DECREASE IN RATE DECREASED [44] 
& FINAL VALUE [44] 
10. Increase in vol/surface DECREASE IN DECREASED [44] 
area ratio. SHORT-TERM [44] 
11. Applied stress PROPORTIONAL [16] NO EFFECT 
12. Compression/tension GREATER UNDER NO EFFECT 
EQUAL TENSION [16] 
13. Cyclic loading INCREASED [16] NO EFFECT 
Table 2.1 General effects of various factors on creep and shrinkage. 
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2.4 Accountin2 for losses in desilID 
England and Illston [45] and Bazant and Najjar [46], among many others, have 
proposed methods to assess the effect that creep and shrinkage have on concrete 
structures under a range of conditions and stress histories. The mathematical 
prediction of these effects is complicated and as such a number of approximate 
methods have been resorted to by design engineers. These methods rely upon the 
principle of superposition [25] (figure 2.6). This principle implies that the total 
strain at any time is the summation of the strains caused by each stress 
increment since the time of application of that increment. However, L'Hermite 
[47] suggests that this principle does not fully explain creep or creep recovery but it 
is a convenient design assumption. 
The development of creep with time can be described uSIng three different 
forms of mathematical function; specific creep, creep coefficient or 
compliance function. Comparing the last two forms of function with the first, the 
equations for all three functions are:-
C(t,1') = ec(t) 
f(t') 
where 
</> (t,t') = C(t,t') E(t') 
C( t, t') is specific creep 
eC<t) is creep strain at any time (t) 
J(t,t') = 1 + C(t,1') 
E(t') 
f( t') is the applied stress at time of loading (t') 
~ (t,t') is the creep coefficient 
E( 1') is the instantaneous elastic modulus (often taken as the 28 day 
value) 
J(t,t') is the compliance function - often used in preference to the 
other two functions as it combines compatible units. 
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2.4.1 Effective Modulus Method (EM) 
This is the simplest, most commonly used method assuming a simple elastic 
solution and using an effective modulus. The effective modulus is the modulus of 
elasticity modified by the long-term creep effects. Thus, the modulus is based on 
the total load-dependent strains and excludes the effects of shrinkage. The total 
strain is then given by: 
e(t) = (J(t) [1 + q, (t,1')] + esh(t,to) 
E(t') 
or 
e(t) = (J(t) + esh(t,to) 
Ee 
where 
e(t) is the total deformation at any age. 
(J(t) is the stress at any time (t). 
esh(t,to) is the shrinkage strain at any time (t) from start of 
drying (to) 
Ee is the' effective' modulus. 
This method only gives good results where there is little variation in the concrete 
stress and when the concrete is not subject to ageing, as in mature concrete. 
Otherwise the strains are underestimated for decreasing stress (figure 2.6a) and 
overestimated for increasing stress. 
2.4.2 Age-adjusted Effective Modulus Method (AEM) 
Developed by Trost in 1964 and refined by Bazant in 1972 [48] this method is a 
modified version of the EM method allowing for the influence of ageing. The 
stress-strain relationship is expressed in the form of an incremental elastic law, the 
elastic modulus being adjusted by an ageing coefficient, such that: 
20 
e(t) = <To [l+<I>(t,t')] + (<T(t) - <To)[l+x<l>(t,t')] + esh(t,to) 
E(t') E(t') 
where 
<To is the initial level of stress. 
<T(t) is the level of stress at the time considered. 
x is the ageing coefficient which depends on t', creep function and the variation 
of stress (or strain) with time. 
This method (figure 2.6b) is restricted to the working stress range and excludes 
strain reversals. For creep problems where the strain varies linearly with the creep 
coefficient, this method is considered to be "theoretically correct". 
2.4.3 Rate of Creep Method (RC) 
This method was developed for complete structural problems by Dischinger 
[49] in 1937, based upon the original theory by Glanville [50]. It assumes a creep 
law in the form of a first order differential equation which models the case of 
stress varying continually with time. The rate of creep is assumed to be 
independent of age, producing one creep-time curve, and to develop at the same 
rate as shrinkage. Thus the total change in strain can be expressed as: 
de = O'"(t) + 1 dO'" + desh 
d</> E(t') E(t) d<l> d<l> 
where esh is the rate of development of shrinkage. 
The implication of this equation is that creep (and shrinkage) decreases 
rapidly with age at application of load to zero for old concrete. The method 
also underestimates the creep due to stress increases after to' a consequence of 
which is that delayed recovery is not modelled (figure 2.6c). The method of 
working is to divide the period under consideration into a number of time 
intervals during which the stress and elastic modulus are considered constant. 
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Bazant and Najjar [46] consider this method to give good results for concrete 
loaded at any early age. 
2.4.4 Rate of Flow Method (RF) 
England and Illston [45] proposed the rate of flow method in order to overcome 
the problems in accurately determining creep from the RC method. They defined 
the compliance function as comprising three parts: the elastic strain, the delayed 
elastic strain and the flow (the latter two being considered as recoverable and 
irrecoverable, respectively). Thus for a unit stress applied at age t' and removed at 
age til the strain at time t is (figure 2.6d): 
e(t) = 1 + <l>d(t-t') + [<l>t<t") - <l>t<t')] 
E(t') E(t') E(t') 
- 1 - ~d(t-t") 
E(t") E(t") 
where 
<P d is the creep coefficient for delayed elastic strain. 
~f is the creep coefficient for flow. 
l' is the age at loading. 
t" is the age at unloading. 
The delayed elastic strain is independent of age at application of load and 
reaches a final value faster than the flow component. This flow component is 
considered to react in a similar manner to the creep component of the RC method. 
Creep recovery of young concrete is properly defined by this method but creep of 
old concrete and concrete under increasing stress conditions are both 
underestimated. 
2.4.5 Improved Dischinger Method (ID) 
As a simplification of the RF method, Nielson [51] proposed to add the delayed 
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elastic strain and the instantaneous strain together (figure 2.6e). Thus a first order 
differential equation, in a similar form to the RC method, can be formulated for 
the flow component. The elastic modulus is modified by a coefficient for the 
delayed elastic strain. Hence: 
de = (j(t) dq,f + (1 + <Pd) d(j + desh 
dt E(t') dt E(t) dt dt 
Rusch suggested a value of 0.4 for the coefficient 0d which was later taken up by 
the CEB-FIP Model Code (1978) [52] and the German code DIN 4227 [53]. This 
method gives good accuracy where the loading duration exceeds 3 months but 
underestimates the creep of old concrete. 
2.5 International Recommendations and Methods of Assessin2 Creep and 
Shrinka2e. 
The mathematical prediction of creep and shrinkage is complex and has to be 
adapted for design use. However, over the last few years there has been a move 
towards the more complex methods of assessment as the need for better 
prediction of the structural effects of these phenomena has been recognised. 
2.5.1 Basis of the Codes of Practice 
The EM, AEM and RC methods of 2.4.1, 2.4.2 and 2.4.3 describe the 
development of creep with time in the general form: 
1(t,1') = 1 [1 + Ko f(t') g(t-t')] 
E(t') 
where 
Ko is a constant 
f( t') is a function expressing the effect of age at time of 
loading 
g(t-1') represents the development of creep with time. 
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This type of analysis was taken up by the CEB-FIP (1970) recommendations [54] 
and in the Bazant and Panula BPII model (1980) [23]. 
The last two methods of analysis of 2.4.4 and 2.4.5 describe the compliance 
function in the form: 
1(t,1') = 1 + K1f(t-t') + !S[g(t) - get')] 
E(t') 
where 
K1, IS are constants 
f(t-1') describes the development of the delayed elastic strain with time. 
g(t)-g(1') describes the development of flow with time. 
This method of analysis has been adopted by the CEB-FIP model code (1978) 
[52] and the German code DIN 4227 (1979) [53]. 
2.5.2 Great Britain 
The first official document relating to the design of prestressed concrete 
structures in the U.K. was 'A First Report on Prestressing' published by the 
Institution of Structural Engineers in 1951 [55]. This report was based mainly on 
the works of Abeles, Baker and King although the recommendations were said to 
be made in the light of practical experience of prestressed concrete construction. 
In these recommendations, the initial loss in prestress at transfer is stated to be 
due to friction and strain in anchorages (for post-tensioned members), creep of 
steel, shrinkage of the concrete, and shortening of the concrete at transfer. The 
minimum effective prestress at working load is obtained by deducting losses due to 
shrinkage and creep in the concrete and creep in the steel after transfer. 
Values for shrinkage strains are given in terms of percentage of applied stress with 
varying modular ratios according to the strength of the concrete. Creep strains are 
assumed as a proportion of the stress at the centroid of the steel with a reduction 
for post-tensioned members to account for the maturity of the concrete at stressing. 
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2.5.2.1 CPl15 (1959) [56] 
Based on the original hyperbolic equations for creep and shrinkage proposed by 
Ross [26,57], this code gives average values for creep and shrinkage per unit 
length (strain) for both pretensioned and post-tensioned members. In each case 
the values given are intended to represent the limiting value and interpolation is 
required for periods less than several years. These values were substantiated by 
tests on structures and in the laboratory, and are therefore considered 
representative of normal building conditions. A multiplying factor can be used 
where the concrete has not reached a given strength at transfer but there is no 
provision to allow for the variation of the factors described in section 2.3.5. 
2.5.2.2 CP110 (1972) [58] 
A continuation from CPl15, CP110 makes allowance for the effect of relative 
humidity in calculating shrinkage strains by quoting two average values for 
humid exposure (90%rh) and normal exposure (70%rh). The code also states that 
if the conditions of exposure or the age of the concrete at transfer are not the same 
as those quoted, or if the structure is massive, then "specialist literature" should be 
referred to. 
The method for calculating creep strains is the same as that recommended by 
CPl15, with the proviso that the creep strain should be increased if the stress at 
transfer exceeds 0.33 times the cube strength. Where the stress at transfer lies 
between 0.33 and 0.5 times the cube strength then the basic value should be 
increased by 0-25%. Once again, "specialist literature" has to be referred to for 
more precise information on the factors affecting creep. 
2.5.2.3 Concrete Society Simplified Prediction Method (1978) [59] 
Although the Concrete Society [60] state that the method laid down in CPII0 is 
adequate, Parrott [59] has produced a simplified method for predicting the 
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modulus of elasticity and creep of concrete. The method is based on the CEB 
1970 recommendations [54] but with the emphasis placed on ease of working at 
the design stage. As the method is designed to be as simple as possible, the only 
information required is the cube strength at time of loading (or 28 days), age, 
exposure conditions and the volume to surface area ratio of the concrete. From a 
consideration of these factors, a creep factor can be determined from a simple 
graph. This creep factor is used to modify the value for elastic strain in order to 
produce the creep strain, the two values together summing to the final (30 year) 
load-induced strain. In a later report [61], values for shrinkage and swelling are 
given on the same graph, which expands its usefulness. The data only apply to 
concrete made with high quality, dense, non-shrinking aggregates and having an 
effective water content of 8% of the original weight of concrete. 
2.5.2.4 BS5400 (1978) [62] 
Within the text on prestress losses, the general method required by this code 
follows word for word the method laid down in CP110. In the appendices 
however, an alternative method relating to the CEB-FIP (1970) 
recommendations is suggested. The 1978 edition contained no guidance on which 
of these methods should be used but this was rectified in the 1984 amendment 
which suggested that the appendix should be used where a more rigorous analysis 
is required. 
2.5.2.5 BS8110 (1985) [63] 
In Part 1 of this code average shrinkage strains are given for different type of 
exposure for general design applications. Otherwise, for other conditions or in 
exceptional circumstances, Part 2: section 7 must be used. This section is based on 
the Concrete Society's simplified method extended to cover the effects of drying 
shrinkage. 
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2.5.3 Europe 
Although each country has its own set of codes and standards there is a movement 
to provide unified codes for the whole of Europe. This unification started with 
the joint work of the Comite Europeen du Beton and the Federation Internationale 
de la Precontrainte, resulting in the publication of the CEB-FIP (70) 
recommendations [54] and the CEB-FIP (78) Model Code for Concrete Structures 
[52]. These will soon be extended with the addition of the new Eurocode 2 which 
attempts to provide the European Economic Community with a code which can be 
applied in any country. At first this may appear to be an impossible task but in the 
case of prestress loss calculations a glance at a selection of codes indicates that 
they are not dissimilar and most incorporate adaptations from the work of the 
CEB-FIP committees. 
2.5.3.1 Swiss code - SIA 162 (1968) [64] 
The Swiss code starts with the statement that the structural concept and 
construction details as well as the quality of concrete and prestressing steel 
must be chosen so that the combined long-term losses do not amount to more than 
a third of the initial prestressing force. 
This is a simplified code which determines creep strains from applied strains 
multiplied by a limiting creep coefficient which is dependent on age at loading and 
relative humidity. Shrinkage at normal temperatures is considered to be dependent 
on thickness and humidity. 
2.5.3.2 CEB-FIP (1970) [54] 
This code developed from the original CEB recommendation of 1964 [65]. It is an 
empirically determined method which modifies standard curves using the 
influence of certain variables. No allowance is made for aggregate type which has 
a considerable effect. However, allowance is made for environmental conditions 
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(relative humidity), age at application of load, concrete composition (cement 
content and water/cement ratio) and the geometry of the member. Creep and 
shrinkage are related to the same factors, with the exception of age at loading 
which is only relevant to the creep strains. Unfortunately this method gives very 
little guidance on the values of relative humidity to be taken. The development 
of both creep and shrinkage with time is considered to be the same. 
As with the previous methods, the limiting values for creep and shrinkage are 
only valid for normal Portland cement concrete, hardening under normal 
conditions and subject to normal working stresses. Although the method is 
applicable to normal weight aggregate concrete, a value of 1.6 for the creep 
coefficient and one to two times the value of shrinkage, for normal weight 
aggregate, can be used as an adjustment for lightweight aggregate concrete. 
The allowance for variation in the factors affecting creep and shrinkage, 
makes this method appear more realistic. Abeles and Kung [66] found that the 
method agrees well with experimental data. 
2.5.3.3 Dutch code - NEN 3880 (1974) [67] 
The Dutch code is generally based on the CEB-FIP (1970) recommendations. The 
coefficients for the variations in the various factors for determining the creep 
and shrinkage strains are in the form of tables and formulae, rather than the simpler 
graphs used by the CEB. However, there is a useful table providing general values 
for an 'average' situation. 
2.5.3.4 CEB-FIP (1978) Model Code For Concrete Structures [52] 
The method for creep and shrinkage assessment in this code moves away from the 
idea of standard strain-time curves, modified by certain variables, that were 
suggested by the earlier recommendations. For determining creep strains, it uses 
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the method of analysis proposed by Rusch et al [68] to account directly for the 
effect of the variables. The code divides the creep coefficient into a number of 
hyperbolic-power or exponential type equations. 
The initial flow strain component is described by the strength of the concrete at 
loading in relation to its ultimate strength. The second strain component, that of 
plastic flow, allows for relative humidity, composition of the concrete and size and 
shape of the member. However, with any given set of variables it describes the 
development of strain with time as a function of the duration under load, 
regardless of the age at application of the load. This has been shown by Neville et 
al [16] to be invalid for concrete pre-dried prior to application of load. Concrete in 
this condition exhibits large deviations from the delayed plastic strain curves 
proposed by this code. The final strain component is that of delayed elastic strain 
which is assumed to increase as a function of increasing time under load. This 
factor also takes into account relative humidity, consistency of fresh concrete and 
size and shape of the member. The basic creep coefficient for delayed elastic strain 
is taken as 0.4. Unfortunately the premise that creep recovery will increase with 
the previous duration of creep has not yet been proven as a valid assumption. 
The shrinkage strain is calculated from a basic value modified by a function 
dealing with the development of shrinkage with time. Account is taken of relative 
humidity, size and shape of the member and its age. The graphs used as the basis 
for calculating shrinkage are of the same shape as those used to calculate the 
deferred plastic strain, mentioned above. Each equation has a similar format, as 
both creep and shrinkage are assumed to develop in a similar manner. 
2.5.3.5 German code - DIN 4227 (1979) [53] 
The current German code for prestressed concrete structures uses equations which 
appear to be different to those of the CEB-FIP Model Code. However, on closer 
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inspection they in fact produce very similar results. The only major difference is the 
lack of the Model Code's factor for initial flow, which is dependent on the strength 
of the concrete at loading compared to the long-term. In addition, the basic flow 
factor differs slightly as the German code considers a greater value for external 
conditions at 70% r.h. Shrinkage and creep strains are both determined in the same 
way by modifying basic factors with coefficients determined from graphs. 
2.5.3.6 Draft Eurocode 2 (1984) [69] 
The draft Eurocode is almost identical to the CEB-FIP (1978) Model Code. 
However, the deformations due to creep are now considered to be partially rather 
than wholly irreversible. 
2.5.4 America and Canada 
The American codes have developed in a different way to the European codes 
since in many cases only guidelines are given and the designer is required to use 
his own judgement as to which method he uses. Committees are set up, which 
provide recommendations for the implementation of the requirements of the code. 
2.5.4.1 PCI General Method (1975) [70] 
This method was devised from the recommendations of a PCI committee on 
Prestress Losses (1970), which were also simplified into a number of easily usable 
graphs and formulae [71]. A step-by-step procedure is used with time intervals of 
increasing duration to cover the service life of a structure. Most suited to computer 
application, this method can be used in hand calculations with four time steps: 0 
to transfer of prestress, transfer to age 30 days, 30 days to 1 year, and 1 year to 
the end of the service life. Values of prestress loss due to creep are obtained 
making allowance for size, period of curing and variation in creep with time. The 
losses due to shrinkage are considered in a similar fashion, but exclude the 
allowance for period of curing. 
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2.5.4.2 ACI 318-77 Building Code Requirements (1977) 
No direct method is put forward for assessing the structural effects of the long-term 
losses of prestress. However, in order to provide a solution which would fulfil the 
requirements of the code, the ACI-ASCE Committee 423 [74] was set up to provide 
a working method. 
The method presents formulae for losses in pretensioned and post-tensioned 
members with bonded or unbonded tendons. Creep strains are considered entirely 
dependent and proportional to the compressive stresses at midspan induced at the 
centroid of the cables after transfer of prestress and application of the permanent 
dead load. The shrinkage strains are defined by an ultimate value modified by 
expressions to account for relative humidity and volume/surface area ratio. 
This method is only applicable to normal and dense aggregate concretes, (greater 
than 1850 kg/m3) with extreme fibre compressive stresses under dead load of 
between 2.4-12.1N/mm2 and with a minimum cylinder strength of 27.6N/mm2. 
Maximum values of prestress loss using two different types of strand are given in a 
table. The method relies solely on creep being proportional to the stress applied 
which, although an important contributory factor, is not representative of concrete 
in a real structure. 
2.5.4.3 ACI Committee 209 (1978) [72] 
The ACI Committee based this method on a comprehensive review of literature. 
From the work of Branson [73], the committee produced a hyperbolic-power 
equation to model the development of creep with time and a hyperbolic equation 
to model the development of shrinkage with time. Ultimate values of both creep 
and shrinkage are modified by a number of factors. These factors include 
allowance for age at loading (creep only), relative humidity, size and shape, 
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slump of fresh concrete, percentage fines, percentage air content, length of moist 
curing (shrinkage only), and the cement content (shrinkage only). 
Each factor is determined from an empirically based equation. All concrete is 
presumed to produce the same time-creep and time-shrinkage curves, making the 
method a little unrealistic. This method is comparable to that contained in the 
CEB-FIP 1970 recommendations and neither make allowance for the effect of 
different aggregates. Accuracy, in using either of these methods, can be 
considerably improved by laboratory testing to determine the basic values, of both 
creep and shrinkage, for the concrete to be used. 
2.5.4.4 Bazant and Panula BPII Model (1980) [23] 
Although not a code, the method proposed by Bazant and Panula for determining 
creep and shrinkage effects has found general favour and been shown to have a 
wide range of applicability. However, Muller and Hilsdorf [77] have demonstrated 
that it underestimates the effect of member size. A simplified version of an earlier 
BP model [24], this method accounts for the strain due to unit stress in terms of 
instant strain, basic creep and drying creep. The drying creep term contains a 
shrinkage-like function to account for the interdependence between creep and 
shrinkage. The shrinkage strain comprises a hyperbolic law plus a coefficient, for 
relative humidity, to modify an ultimate value. Allowance is made for size and 
shape, relative humidity, diffusivity and age from the time drying commences. 
Unfortunately the ultimate value for shrinkage does require detailed knowledge of 
the mix proportions. 
For basic creep, this simplified version accounts for a number of coefficients which 
would otherwise require complicated formulae. To achieve this simplification the 
otherwise broad range of applicability has been restricted to normal weight and 
normal strength concretes where load is applied for longer than one day. As such, 
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basic creep is defined using the age since loading and the 28 day cylinder strength of 
the concrete in the form of a double power equation. As the drying creep contains 
a shrinkage-like expression, it is also dependent on the same factors, whilst 
following a format similar to that for basic creep. 
2.5.4.5 Ontario Highway Bridge Design Code (1983) [76] 
The methods for determining long-term loss of prestress in this code are based 
mainly on the work of the PCI Committee on Prestress Losses [14]. If further, more 
detailed analysis of the levels of prestress loss have to be considered the 
recommendations given by this Committee should be consulted. 
The development of creep and shrinkage with time is described using exponential 
type equations. Lump sum values for creep, shrinkage and relaxation losses are 
given for preliminary design purposes. For more precise estimates of the long-term 
loss of stress due to creep equations for post-tensioned and pretensioned members 
are stated which are based on the work of the ACI Committee 423 [74] with an 
allowance for relative humidity derived from the work of the PCI Committee. Loss 
of stress due to shrinkage is determined using a simplified equation related to 
relative humidity. Relaxation losses are determined using the equations developed 
by Grouni [15]. Total losses are derived from the summation of the individual 
components. 
2.5.4.6 Canadian code - CAN3-A23.3-M84 (1984) [77] 
As with the ACI Standard 318-83, on which this code is largely based, there is little 
advice on the method for calculating losses; only the statement that a number of 
causes of losses should be allowed for. The designer is encouraged to consult 
further reference sources. 
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2.5.5 Australia and New Zealand 
Surprisingly the Australian and New Zealand standards authorities have chosen to 
follow entirely different lines. The Australian standard SAA 1481 (1978) [78] is 
based primarily on the CEB-FIP Principles and Recommendations (1972), although 
no allowance is made for the effects of changing cement content on either creep or 
shrinkage. There is little difference between the final predicted shrinkage obtained 
using SAA 1481 and that obtained using the CEB method, as the code allows a 
greater effect due to the environment. However, the effect on creep is to produce a 
considerably lower prediction, not only because of the lack of allowance for the 
effects of the cement content but also because of a decrease in the effects of relative 
humidity. Comparing typical values which could be obtained from both the CEB-
FIP (1972) recommendations and the Australian code, shows that SAA 1481 can 
produce predictions for the creep effects of between 0.3-0.6 of that obtained using 
the European method. 
The New Zealand code NZS 3101 (1982) [79] is based almost solely on the 
American Code for Building ACI 318-77, with minor changes not affecting the 
assessment of prestress losses. 
2.6 Conclusions 
Evaluating the long-term loss of prestress is a complicated matter, as the 
phenomena which cause it are not yet fully understood. This is particularly true of 
the effects of creep and its subsequent relationship to shrinkage of the concrete and 
relaxation of the steel. 
The determination of the effects of long-term losses in the international codes of 
practice and recommendations are based on the results of tests carried out in the 
relatively short-term. The methods fall into two major categories; those that utilise 
an average ultimate value for creep, shrinkage and relaxation, and those that use 
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complicated formulae to assess these effects. In addition, many of the codes use a 
simple summation of effects, whilst others attempt to allow for the effects of creep 
and shrinkage on the relaxation of the steel. 
In assessing a structure, it is necessary to consider the effects of these phenomena 
which are not completely understood. In addition, although allowance is made in 
design for these "foreseen" effects, allowance cannot be made for the effects of 
poor workmanship or corrosion of the steel which can also lead to a loss of 
prestress. It is therefore necessary, if an accurate determination of the performance 
of a structure is to be made, that some means be developed by which the in situ 
stress state can be measured. 
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CHAPTER 3 
METHODS OF IN SITU STRESS DETERMINATION 
3.1 Introduction 
A number of methods have been developed for determining the in situ stress in 
various types of material. In particular these methods relate to measurements in 
rock, metals and concrete. Although there has been a long history of stress 
determination techniques for rocks and metals, there have been few attempts to 
apply these to concrete structures other than those instrumented during 
construction. 
3.2 Rock Mechanics 
Tunnelling and mining engineers need to know the distribution of stresses around 
rock openings in order to produce effective designs. To help in the study of the 
behaviour of rock masses a number of techniques have been developed for 
determining the stresses and material properties. These techniques also provide 
experimental information concerning the response of the rock to the excavation. 
Thus, there is a wealth of experience in devices for the measurement of strains and 
displacements induced in the rock. Nearly all of the techniques rely on the principle 
of relieving stressed areas, by coring or cutting, combined with measurement of the 
response of the material. 
Relief techniques rely on certain fundamental premises:-
a. Released stresses are equivalent to those in situ. 
b. Laboratory determined elastic constants are identical to the in situ values. 
c. The material is a perfectly elastic, homogeneous, isotropic media subject to plane 
stress or plane strain. Otherwise further conditions must be imposed in order to 
determine the stress-strain relationships. 
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d. Any measuring device accurately measures intended quantities; strain gauges 
measure strain only and displacement (.evices measure deformations only. 
Merrill [80] reported work completed by Lieurence, in the early 1930's, who applied 
one of the first stress relief techniques to a rock mass. A large block was removed 
from the wall of a tunnel around a complete 45° rosette of reference pins (figure 
3.1). 
E 
E 
1219 mm 
508 mm 
f l. 're erence pins 
stress relieved section 
Figure 3.1 Relieved section of rock [80] 
The block was removed by stitch drilling a l.2m x l.2m section and the resulting 
effect on the surface was determined by measuring the change in the distance 
between the pins, using an extensometer calibrated in units of strain. Conventional 
strain-rosette formulae were used to compute the stress in the rock. Olsen [81] 
improved the method by attaching resistance-wire strain gauges to the surface, 
which were then overcored with a relatively large diameter core bit. 
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Price Jones et al [82] describe the development of another overcoring technique 
involving a gauge which could be inserted in a small cored hole, which was then 
overcored. The gauge used a transducer, developed from a nickel cell, which varied 
in magnetostrictive properties as the applied load was varied. The change in the 
properties was related to the applied stress, determined from laboratory calibration, 
and the modulus of elasticity of the rock. This gauge was one of the first type of 
'solid inclusions'; the gauge was relatively stiff compared to the rock mass. An 
alternative 'soft inclusion' was developed in the late 1950's by the Federal Bureau of 
Mines and reported by Merrill [80]. 
Around any excavation there will be an area of disturbed ground which will not 
produce results indicative of the general stress present in the rock mass. Thus 
readings have to be obtained at a distance into the rock of some five times the 
radius of the excavation. Overcoring techniques provide a way of achieving this and 
so they have become popular for rock masses not having closely spaced cracks or 
fissures. 
As an alternative to overcoring techniques, flat jacks were developed and used 
extensively in France during the early 1950's. This approach consisted of cutting a 
slot in the rock and measuring the resulting deformation. A flat jack was then 
cemented into the slot and pressurised until the displacements were cancelled. The 
cancellation pressure could be related to the stress and the method also provided a 
means for determining the in situ elastic properties. 
3.2.1 End of borehole overcoring 
Leeman [83] developed a device for measuring the strains relieved after overcoring 
at the end of a borehole. This device was known as the "doorstopper" because of its 
appearance, during the early development, as a red rubber cylindrical block. The 
instrument works on the basis of a 45°, three strain gauge, rosette glued to the 
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flattened end of a borehole drilled into the rock. The borehole is then extended to 
overcore the gauge portion, thus causing stress-relief on the core (figure 3.2). 
Leeman [83], Hawkes and Moxon [84] and Williams and Owens [85], among others, 
have published results of research into the use of the doorstopper. 
In order to determine the complete state of stress in a rock mass, three orthogonal 
or coplanar borehole measurements should be made. If only one borehole 
measurement is to be made the core should be drilled parallel to one of the minor 
principal stresses. The major problem with this method is that of the stress 
concentration which occurs at the end of the borehole where the doorstopper is 
attached. Empirical values for the stress concentration factors have been obtained 
by experiments on loaded prisms and cylinders. The technique has been shown to 
give consistent and reliable results in solid, homogeneous rock. 
Williams and Owens [85] have set down certain requirements for the use of this 
technique:-
a. The size of the strain gauge must be twice that of the largest crystal or pebble 
expected. Large crystals can produce local stress concentrations which affect the 
gauge reading. 
b. The diameter of the hole must be equal to or greater than twice the diameter of 
the gauge, so that it is in an area of uniform stress distribution. 
c. Overcoring must be continued for a distance at least equal to the diameter of the 
initial hole, to ensure that there are no end restraint effects on the measured strains. 
39 
borehole 
cored to 
required 
depth 
'Doors topper' 
applied 
E 
E 
-.0 
r-
Figure 3.2 Use of the 'doorstopper' and overcoring [85] 
3.2.2 Photoelastic gauge 
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Hawkes and Hollister [86] describe the use of this device in conjunction with the 
stress-relief overcoring method and a photoelastic biaxial strain gauge bonded to 
the flattened end of a borehole. The photoelastic gauge consists of a disc of double 
refractive plastic coated on the back with a reflective layer. These gauges are 
bonded around the periphery to the borehole which is then overcored. A coloured 
interference pattern can be observed when the disc is viewed using polarised light 
obtained from a reflection polariscope. The fringe patterns are used to determine 
the direction and magnitudes of the major and minor principal strains; the number 
of patterns relating to the magnitude of the stress. At the centre of the disc is a 
small hole which provides a zero stress position from which the relative magnitudes 
of the strain fringes can be calculated. The use of this technique requires the gauge 
to be calibrated in a known stress field. Hawkes and Moxon [84] show how the 
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major and minor principal directions can be determined by observing two isotropic 
points which are diametrically opposite and which appear as dark patches. 
3.2.3 Triaxial strain cells 
These devices have been developed by Leeman [83,87] and Amadei and Goodman 
[88] and use the application of 45° strain gauge rosettes to the walls of a borehole. 
The rosettes are spaced at 45° around the borehole, such that one gauge measures 
circumferential strain and the 90° gauge is directed along the length of the hole 
(figure 3.3). Thus, nine strain measurements are made from which the six stress 
components can be obtained. Each of the three gauges measuring along the axis of 
the borehole should give the same result and can be used to provide a good average. 
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Figure 3.3 Borehole overcoring with the triaxial cell [85]. 
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Generally, a 165mm borehole is drilled to the required depth and the end of the 
hole is flattened to help in sealing the gauges to prevent ingress of water during 
overcoring. A 35mm hole is drilled, in the centre of the flattened end, to a depth of 
200mm into which the triaxial cell is placed. The end of the hole is then plugged and 
the larger core is continued. 
3.2.4 Borehole deformation gauges 
Jaeger and Cook [89] describe the use of gauges which are designed to measure the 
deformation across one or more diameters of a borehole. The gauges are designed 
to be resilient or soft inclusions which do not affect the measurement, exerting only 
a negligible load. 
3.2.5 Inclusion stressmeters 
An inclusion stressmeter can be used in conjunction with the stress-relief method or 
left in place to provide long-term readings. In general, these gauges can be 
considered as rigid or soft but in both cases a change in the surrounding stress field 
results in a change in stress in the meter. Jaeger and Cook [89] state that the 
relationship between the measured readings and the actual values of stress are 
mainly dependent on the ratio of the modulus of rigidity of the stressmeter to that 
of the rock. A true soft inclusion requires the modulus of the rock to be greater than 
25 times that of the meter. 
Strains in inclusions can be measured with hydraulic capsules, double refractive 
glass plugs, photoelastic annular discs, electrical resistance strain gauges or using 
magnetostrictive effects. The theory, on which the measurements are based, 
supposes that the displacements and stresses, across the whole of the boundary 
between the meter and the hole, always remain continuous. As a stressmeter with an 
initial exact fit would lose contact when a uniaxial stress change occurs, these meters 
are usually installed with a high level of precompression and then cemented into the 
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hole. Potts [90] describes a stressmeter which uses hydraulically operated arms to 
precompress the gauge within the hole. Once the meter is stressed to a 
predetermined level the subsequent output can be measured using a separate 
indicating unit. 
Roberts et al [91] describe the use of a rigid inclusion made from a double 
refractive glass plug, whilst Williams and Owens [85] utilise a photoelastic gauge in 
a soft inclusion by using an annulus. The inclusion stressmeters have also been used 
in Australia where Price Jones et al [82] have helped to develop a hollow inclusion 
cell. Strain gauge rosettes are cast into the wall of an epoxy resin tube which is then 
glued into a borehole. 
3.2.6 Dilatometers 
These devices are similar to stressmeters but they use pairs of independent steel 
jacks to stress the interior of the borehole. Kletzel et al [92] developed a device with 
diametrically opposed chambers linked into a common system which is subject to 
several loading cycles to obtain good contact between the borehole wall and the 
jacks. One set of jacks is stressed to a set level and remains in this passive state 
whilst the other set is subject to a varying, active load. From measurements made on 
the passive set of jacks during stressing of the active set, Poisson's ratio can be 
determined. Young's modulus for the in situ material can be obtained by noting the 
volume of liquid pumped into the chambers for a known displacement. Once both 
the elastic constants of the material have been established, the effect on the 
pressures caused by drilling a parallel borehole is assessed in order to determine the 
in situ stresses. 
3.2.7 Hydrofracture technique 
Stressing the interior of a borehole can also be used in a technique described by 
Jaeger and Cook [89] as hydraulic fracturing. A portion of the borehole is isolated 
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and fluid pressure is applied until fracturing of the rock occurs. The fracture is 
believed to occur perpendicular to the direction of the minor principal stress. 
Scheidegger [93] showed that the fluid pressure required to propagate the fracture is 
slightly greater than the absolute value of the minor stress. The magnitude of the 
maximum principal stress can be derived once the value for the minimum has been 
determined. This requires certain assumptions:-
a. The maximum (or intermediate) stress acts vertically. 
b. The borehole is coaxial with the intermediate (or maximum) principal stress. 
3.2.8 Borehole slotting device 
Bock and Foruria [94] developed a stress-relief technique which does not involve 
the use of overcoring. Instead the method utilises a small diameter hole into which 
small radial grooves are cut. The resulting strain change which occurs is measured 
by sensors pressed onto the surface close to the slotting device. In a two 
dimensional stress state the tangential strain at the borehole surface is required. 
Therefore, a new type of gauge had to be developed. An ERS type gauge was 
impractical due to the slurry left on the surface after coring. Friction gauges which 
were pushed onto the surface by tiny hydraulic pistons, thus negating the need for 
adhesives, were affected by the slurry and vibration caused by slot cutting. Thus, a 
cantilever type sensor, shaped as an A-beam (figure 3.4), was developed with 
locating pins which could be pushed into place on the borehole wall. 
The method uses standard core sizes and can provide a large number of 
measurements over short distances in jointed and fractured rock. Thus, the 
technique provides an economical alternative to overcoring and hydrofracture 
techniques. 
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Figure 3.4 A-type cantilever sensor [94]. 
3.2.9 Flat jacks 
The principle involved in the use of the flat jack is the application pressure to the 
walls of a slot in order to re-establish the displacements caused by cutting the slot 
into a rock mass. Stitch drilling, or sawing, is used to form the slot into which the 
jack is grouted (figure 3.5). The pressure in the hydraulic jack is then increased and 
the resulting displacements are measured. Young's modulus can be obtained in situ 
from the displacements due to slot cutting and those caused by pressurising the jack. 
This can be crossed checked with the results obtained in the laboratory, from 
standard compression tests carried out on the cores removed from the slot. 
Bonvallet and Dejean [95] describe premises upon which the use of this technique 
depends. 
a. The behaviour of the rock is elastic and reversible. 
b. Measurements only apply to superficial and frequently deconsolidated portions of 
rock. 
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c. The measurements are taken quickly to avoid creep and delayed elastic 
distortion. 
d. Stress determination is in relation to a single direction which is not generally the 
principal direction. 
x 
-$---I------~-·~~ 
t . r----_12~ 
Slot cut by stitch 
drilling 
Figure 3.5 Hydraulic flat jack [89]. 
Jack pressurised to restore displacements 
caused by slot cutting 
They also suggested that three tests are required, two of which are mutually 
perpendicular, in order to determine the complete stress field. In this case the 
authors used a finite element analysis to show that the measuring points must be as 
close as possible to the median axis of the slot and perpendicular to it. The jack was 
pressurised to the breaking point of the rock and this was used as an intrinsic 
property of the material for comparison with similar tests. The parameter was 
shown to be an intermediary between tensile and pure shearing stress and not 
related to the compression characteristics of the rock. 
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Merrill [80] states that the flat jack method has the advantage that the relationship 
between stress/strain or stress/deformation need not be linear but that the strain or 
deformation caused by the slot must follow the same relationship as the 
cancellation pressure. However, it would appear that a possible difference may 
occur due to a stress gradient in the rock compared with the relatively uniform 
stress applied by the jack. Generally the method can be seen to have two serious 
disadvantages:-
a. The jack can only be applied to the surface of the wall and therefore in a region 
irregularly stressed or partially destressed. 
b. The complicated geometry of the system makes it virtually impossible to study the 
behaviour theoretically. To overcome this, Merrill likened this technique to the 
insertion of an ellipse of finite width in a plane stress field. 
Hoskins [96] showed that where the rock was in a uniaxial stress field the modulus 
obtained from laboratory tests had a higher value than that obtained from the site 
results. This trend was reversed for biaxial stress fields. For marble and concrete, 
Hoskins demonstrated that the modulus of elasticity varied with strength and was 
less at low stresses. 
Rocha et al [97] developed an "extra-flat" flat jack with a slot cut using a diamond 
saw to cause the least disturbance. As the slot is cut to the exact dimensions of the 
jack, no grouting is required and the jack may be re-used. Varying the size of slot 
cut and the dimensions of the jack, stresses can be determined at different depths 
within the rock mass. By taking a 45° set of readings and averaging the r,esults, the 
elastic modulus of a concrete prism was determined to within 20% of that obtained 
from standard laboratory tests. 
3.2.10 Curved jacks 
Jaeger and Cook [98] developed the theory and application of a curved jack. This 
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was an adaptation of the flat jack so that it could be used in a borehole and 
therefore at greater depths away from the wall of the excavation. The technique was 
used in conjunction with hydraulic fracturing from which the principal directions 
were determined. Once this was done the jacks could be inserted into the hole in 
the direction of one of the principal stresses and pressurised. The system was then 
overcored in order to observe the stress relief. A second set of curved jacks was 
placed around the core and pressurised to restore the load in the first set of jacks. 
This regime was then repeated in the second direction, from which the principal 
stresses could be determined. 
3.2.11 Borehole simulation 
The borehole simulation method uses a single reloading of a stress relieved core in 
order to produce a null reading on the installed strain gauges. A device, 
incorporating curved jacks, loads the core hydraulically through either rubber jacks 
(figure 3.6) or solid platens. 
This can be used in conjunction with other stress determination techniques, such as 
those incorporating the use of the doorstopper or inclusions. The loads applied can 
then be related to the in situ stresses. Williams and Owens [85] state that in high 
modulus rocks 99.5% of the original stress is required to establish a null strain and 
in low modulus rocks 96% is required. 
Owens [99] showed that the loading in the field could not be reproduced 
mechanically and the simulator loading had to be related to the applied stresses 
(figure 3.7). The elastic constants could be cancelled from the governing equations, 
thus eliminating a major source of errors. 
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Figure 3.6 Curved jack borehole simulator [99] 
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Figure 3.7 Loading in situ and with a simulator [99] 
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3.3 Stress determination in steel structures 
AlthOUg}l brittle coatings and photoelastic techniques can be used for stress 
determination, they are mainly used on models or prototypes due to the problems 
associated with applying the coatings in situ. In addition, these methods can only be 
applied to structures prior to loading or relative to some predetermined stress 
point. If an absolute value for residual stress has to be assessed the stress-relief 
method, by coring, is used. The use of this technique for steel structures is similar to 
that in rock, but on a much smaller scale in order to minimise the damage. It is 
possible to reduce the size of the hole to 1-2mm with the strain gauge rosette 
arranged around the hole (figure 3.8). 
~4S" / 
, X, 
gauge 3 
/ 4S" 
,--I_J_ 
'----~l gauge 1 
Figure 3.8 Typical strain gauge arrangement for stress determination in steel 
structures [100] 
Mather [101] proposed one of the first general methods for determining initial 
stresses by measuring the deformations around drilled holes. The idea was to 
introduce a hole so small that it did not affect the use of the steel part. An 
extensometer was used to measure the deformations across a hole or around it in 
the direction of a known uniaxial stress field. The results were then compared with 
other similar situations of in situ measurements. 
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Soete and Vancrombrugge [102] extended the work of Mather and other German 
workers to the use of electrical resistance strain (ERS) gauges rather than dial 
extensometers. The length of the gauge was related to the radius of the hole using 
equations originally developed by Kirsch in 1898. The strain averaging effect caused 
by the finite length of the gauge was taken into account. In addition, the variation of 
released strains with depth of coring was briefly examined. 
Kelsey [103] and Bathgate [104] describe a procedure uSIng the hole drilling 
technique for residual stresses that vary with depth of coring. The limiting depth at 
which the released stresses affect the strain values measured on the surface, was 
shown to be 1 to 2 times the hole diameter. Calibration experiments were carried 
out on specimens subject to tensile and bending loads using longitudinal and 
transverse gauges. A standard size of gauge was used at a set distap.ce from the 
centre and the hole diameter was varied for different thicknesses of bar. 
Rendler and Vigness [100] showed that a single calibration of a particular 
measurement system could be extended to many different sizes of hole as long as 
similitude was maintained. The dimensional similitude rule was seen to apply to 
thick plates only. 
Sandifer and Bowie [105] and Ajovalasit [106] modified the relationships between 
the strain rosette measurements and the actual stresses for the case of holes drilled 
off-centre. 
3.4 Stress determination in concrete structures 
In recent years the need to determine the in situ stresses in concrete structures 
become an important issue as maintenance has taken on a vital role. Cordes [4] 
attempted to use various stress-relief methods to determine the stress distribution in 
a composite steel and prestressed concrete bridge structure. The coring method was 
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used in conjunction with ERS gauges placed on the surface, which were then 
overcored. In addition, for a uniaxial stress state, two parallel saw cuts were made 
with demec measuring points placed between. This provided another stress relieved 
area. Further gauging of the steel and the prestressing steel was also carried out 
using standard mounted ERS gauges. 
U sing the core drilling of the concrete, Cordes stated that the released strains 
should be measured at the earliest possible time after coring. The surface 
temperature as well as the material moisture content had changed due to the 
influence of the drilling water, so that temperature and swelling strains had to be 
taken into account. Calibration of the effects of these factors had to be carried out 
prior to the investigation in order that compensation could be made in the 
measurements. These factors were seen to be stress independent. However, other 
stress dependent processes were identified such as creep relaxation which takes 
place after the immediate elastic deformation. Assuming that all of these factors 
could be taken properly into account, the technique was seen to rely heavily on 
accurate evaluation of the in situ elastic constants. 
Abdunur [107] adapted the thin flat jack, developed by Rocha et al [97] for rock 
masses, for use in concrete structures. This technique is not easily transferred to 
concrete because of the variability of the material and the complications of the 
required reduction in size. Tests were carried out on plexiglas, using photoelastic 
and Moire fringe techniques, to study the effects of slot cutting. Identical tests were 
then carried out on concrete specimens to simulate actual cases. A 4mm thick jack 
was used and the slot was dry cut using a special cooling system. Various depths of 
slot were cut into the concrete and the profile of displacements and strains 
occurring on the surface were measured using mechanical and ERS gauges. The 
jacks were used to cancel the resulting deformations and obtain the stress profile 
through the section. The resulting cancellation pressures were within 0.3 N/mm2 of 
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the applied stresses. Additionally, by this technique, Abdunur was able to show the 
distribution of internal stresses across the section and to note a quasi disappearance 
of the effects of these residual stresses in the short term. He also proved that the 
principle of superposition was valid for the internal stresses and the applied loads. 
3.4.1 Present study 
In view of the data presented, on the types of stress-relief techniques used for in situ 
stress determination, it was decided that the coring method should be investigated 
further. The use of this method began on site and further details of the 
investigations can be found in appendix A. Use of the technique developed from 
simple 45° Ifour demec gauge rosettes on the core and around the remaining hole, to 
22.5° I eight demec gauge rosettes with supplementary gauging in the form of VW 
strain gauges around the core. The demec and VW strain gauges were chosen in 
preference to ERS gauges in order to overcome the technical difficulties of applying 
these gauges in the site situation. 
In conjunction with this work, Mehrkar-Asl [5] later extended the idea of the use of 
flat and curved jacks in rock boreholes to a specially devised jacking system for use 
in concrete core holes. This was to provide an independent assessment of in situ 
stresses and determination of the elastic constants. 
3.5 Conclusions 
The evaluation of various methods, for the determination of in situ stresses in 
different materials, has shown that there is little information on the use of such 
techniques for concrete structures. As maintenance of concrete structures has 
become a major priority, there is a need to develop methods for determining the in 
situ stresses. In order to achieve this, the basic stress-relief technique by overcoring 
was applied to a number of concrete members in the laboratory and several full-
scale structures. 
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CHAPTER 4 
THEORETICAL BEHAVIOUR OF CORING TECHNIQUE 
4.1 Introduction 
As described in Chapter 3, the majority of in situ stress determination methods rely 
on the release of stress by coring. The stresses are then determined either from the 
measurement of the resulting deformations or from the re-establishment of released 
stresses by means of a jacking system. Residual stress techniques employing the 
overcoring method require little in the way of equipment and are relatively quick. A 
combination of Demec strain gauges and re-usable VW strain gauges was chosen to 
provide an economical and speedy gauging system for a stress-relief technique 
which could easily be applied on site. The Demec strain gauges were to be placed 
on the core, which would be removed, and across the remaining hole. The VW 
strain gauges would be placed in 45° rosettes surrounding the core position. 
In order to evaluate the results of laboratory experiments and site measurements, it 
was necessary to investigate the theoretical behaviour of a stress-relieved core and 
the surrounding media. The experiments involved the removal of a core from a 
stressed medium which was assumed to be perfectly elastic, homogeneous and 
isotropic, and initially subject to plane stress conditions. Thirteen slab specimens 
were tested in the laboratory, to validate the method. All of the square slabs had a 
thickness of 100mm, which was considered as representative of a typical web 
thickness. The overall slab dimensions varied between 800mm sq. and 1200mm sq. 
These sizes were chosen so that the stress field at the centre of the slabs was as near 
to uniform as possible, whilst ensuring that the slabs were small enough to be 
handled easily. In addition, the edge effects, which might have influenced the strain 
gauge readings, were reduced to a minimum. The gauging arrangements were 
chosen to complement the size of the cored hole, providing as long a gauge length 
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as possible whilst maintaining as great a sensitivity as possible. Thus the larger the 
cored hole the longer the gauge length that could be used. 
The decision as to which size of core should be used was influenced by the general 
availability of core bits and the spacing of shear link reinforcement in prestressed 
concrete beams. The size was also dependent on the aggregate size and the strain 
gauge lengths available. Thus it was decided that cores of 150mm and 75mm 
diameter should be taken as standard sizes. 
4.2 Core strains 
The determination of stresses, from the measured strains released when a core is 
removed, is assumed to depend upon simple elastic recovery and the stress-relief is 
the reversal of the application of load. In the laboratory tests the application of the 
load is in the short-term. Hence, the material remains relatively unaffected by creep 
and recovery of the deformation caused by this phenomenon can be neglected. 
The use of the stress-relief technique is hampered by the fact that only surface 
measurements can be made. However, the technique can only be considered as 
valid if the structure is under plane stress or plane strain conditions. In addition the 
technique cannot determine the variation in stress which may occur through the 
depth of the section. 
Case and Chilver [108] use elastic analysis to produce equations for determining 
principal strains and directions from the measurements made using a 45° /three 
gauge rosette (equations 4.1 to 4.3). 
e1 = (ea +ec) + 1[ 2(ea - eb)2 + 2(eb - ec)2 ]0.5 4.1 
2 2 
e2 = (ea +ec) - 1[ 2(ea - eb)2 + 2(eb - ec)2 ]0.5 
2 2 
tan2e = 2eb - e - e c a 
4.2 
4.3 
The gauge numbering system and sign convention for directions are such that in 
considering the gauges in a clockwise direction, the angle to one of the principal 
strains is positive anti-clockwise from the first gauge (figure 4.1). 
principal strain 
direction 
Figure 4.1 Gauge numbering and sign convention. 
As the core sizes chosen were of 1S0mm and 7Smm diameter, Demec strain gauge 
lengths of 100mm and SOmm were used on the cores. A competent and experienced 
user of a Demec strain gauge can only be expected to provide measurements 
accurate to + / -O.S division. This can lead to discrepancies of between 8 to 20 ps, 
depending on the gauge length. In order to reduce operator and other errors, which 
occur when relying solely on three accurate measurements, a degree of redundancy 
is possible if a 45° /four gauge rosette is used. Lightfoot [109] used the results of a 
least squares analysis to produce equations for determining principal strains and 
directions using a four gauge rosette (equations 4.4 to 4.6). 
e1 = s+t 4.4 
e2 = s - t 4.5 
tan28 = (ed - eb) 4.6 
(ea - ec) 
where 
s = (e a + eb + e c + e d) 
4 
t = l[ (e
a 
- e
c
)2 + (ed - eb)2 ]0.5 
2 
In order to further reduce the errors, arrays of eight gauges were used in the 
laboratory and the Lightfoot method was extended (appendix AI) to cover this and 
the results for the principal strains and directions are given in equations 4.7 to 4.9. 
e1 = s+t 
e2 = s - t 
tan28 = -(,.f2F3 +F2+F4) 
(J2F 1 + F 2 - F 4) 
where 
s = l(ea + eb +ec +ed +ee +ef+ eg +eh) 
8 
4.7 
4.8 
4.9 
t = 1[F12+F22+F32+F42+J2(FIF2+F2F3+F3F4 - F1F4)]0.5 
4 
and 
F 1 = ( e a - e e) ; F 2 = (eb - ef) ; F 3 = ( e c - e g) ; F 4 = ( e d - eh) 
Once the principal strains and directions are determined from the above equations, 
the stresses are evaluated assuming plane stress conditions. 
4.3 Readin2s taken around a hole 
Muskhelishvili [110] used the theory of elasticity to determine equations for 
evaluating the displacements, in an infinite plate, around a hole subject to uniform 
stress conditions. The results of this analysis cannot be considered to represent the 
stress-relief method as the initial displacements caused by loading the slab without 
the hole are not taken into account. However, the effects of coring can be modelled 
by considering the difference between the enhanced stress field produced after 
loading an element with a hole removed and that obtained on loading a slab without 
a hole. (figure 4.2). 
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Figure 4.2 Stress fields obtained on coring in a uniform biaxiafsfress field [111] 
In order to determine the applied stresses from principal strains, under plane stress 
conditions, coefficients are required which allow for the deformation of the hole 
(appendix A2). The applied stresses could then be calculated: 
58 
Where the coefficients Al and ~ are obtained from: 
Al = (l-p) + (l+p) 
2p2(1 +p) 8P2_2P4(1 +11) 
~ = (l-p) (1 +tI) 
2p2(1 +tI) 8p2-2P\1 +\1) 
the apparent stresses: 
(JI' = ~ (el +lIe2) 
(l_p2) 
and 
P = radius of hole 
radius to gauge position 
(J2' = E (e2 +lIel ) 
(1-1I2) 
4.10 
The radii, to the Demec strain gauge positions used, were 50mm and 100mm for the 
75mm and 150mm core sizes. 
4.4 External rosette 
It was intended that the gauging for the external rosette should comprise VW strain 
gauges. These have a sensitivity of approximately 3 div lIps and 1 div lIps for the 
140mm and 64mm gauge lengths used around the 150mm and 75mm core sizes 
respectively. The readings, taken on the rosette of gauges around the hole, require 
an extension of the theory used for evaluating the results from the measurements 
across the hole. A VW strain gauge measures displacement over a finite distance 
and should be placed close to the hole where the strain gradients are large. Thus, in 
determining expressions for the modifying coefficients and the effect of the relief of 
stress on the VW gauge rosettes, it is necessary to integrate over the length of the 
gauge. Using the mean value theorem, equations for the radial strains and hence the 
applied stresses can be determined (appendix A2). Coefficients BI and B2 are thus 
determined for evaluating the applied stresses from the principal strains: 
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where 
0:' 1 
B1 = -(1-p)fi1 + (1 +}.l)f23f13(f2-f1) 
(1 + p) 2 8f22f12(f2-f1)-2(1 + p)(f23-f13) 
B2 = -(1-}.l)fi1 - (1 +1l)f23f13(f2-f1) 
(1 + 11) 2 8f22f12(f2-f1)-2(1 +p)(f23-f13) 
0"1' = E (e1 +pe2) 
(1-112) 
and 
(J2' = E (e2+pe1) 
(1_p2) 
f1 = radius to beginning of gauge 
radius of hole 
f2 = radius to end of gauge 
radius of hole 
The ends of the gauge are considered to be at the midpoint of the blocks, where the 
vibrating wires are anchored. 
4.5 Finite Element Analysis 
The finite element package "Lusas" [112] was used to simulate the effects of 
removing a core from a stressed medium of finite size. Quadrilateral, eight noded, 
and triangular, six noded, plane members were used in the simulation. These 
members could be varied in stiffness, mass, thickness and thermal properties and 
the analysis could take into account material and geometric non-linearities. The 
output was in terms of stress or strain at the nodes or gauss points, with provision 
for output of the resulting displacements at these positions. 
A finite element analysis was carried out using a computer model of a 800mm sq. 
slab without a hole (figure 4.3). The results of this analysis were compared with 
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those obtained using elastic theory. This comparison was carried out to ensure that 
similar results were obtained between the two methods and hence to establish a 
degree of confidence in the mesh used for the F.E. analysis. Once this was complete, 
similar meshes could be used to analyse the different sizes of slab and the stress-
relief method (figures 4.4 to 4.5). It was anticipated that the smallest size slab was 
likely to provide the greatest discrepancies in the predicted strains due to edge 
effects. Due to symmetry it was possible to consider a quarter section of the 
complete slab (figure 4.3) to which simple elastic theory could be applied. The 
resulting strains obtained from the F.E analysis and infinite plate theory showed 
that for an applied uniform load of 4 N/mm2, a Young's modulus of 35kN/mm2 and 
a Poisson's ratio of 0.15 there was a negligible difference between the two analytical 
methods (table 4.1). 
Figure 4.3 F.E. mesh used for complete slab. 
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Figure 4.4 F.E. mesh used for 150mm core and varying size of slab. 
Slab size Dimensions (mm) 
(mm) A B C 
800x 800 70.5 100 100 
1000x1000 120.5 150 100 
1200x1200 120.5 200 150 
Node positions 
B c 
Figure 4.5 F.E. mesh used for 75mm core and varying size of slab. 
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Gauge 
direction 
Strains predicted by elastic analysis (lIs) 
Infinite plate F.E. 
---------------------------------------------------------------------------------------
longitudinal 
45° 
lateral 
114.286 
48.572 
-17.143 
114.288 
48.569 
-17.142 
---------------------------------------------------------------------------------------
Table 4.1 Theoretical strains for loading on 800mm sq. slab 
It was assumed that 140mm VW gauges would be used around the 150mm cores and 
64mm gauges would be used around the smaller 75mm cores. Hence, positions on 
the meshes were chosen to coincide with Demec points across the hole and the 
length of the VW gauges. The length over which each of the VW gauges acted was 
assumed to start at 16mm from the Demec pips. This distance allowed sufficient 
space for reading of the Demec strain gauges and took into account the length from 
the edge of the block to the clamping point for the vibrating wire. 
The effects of the stress-relief technique were modelled in a similar manner to that 
described in section 4.3. An internal stress was applied to each of the members, to 
represent the loading of a complete slab. An external load was then applied to the 
model with a hole and the structure allowed to move within set limits. The radial 
strains, from the centre of the core, were plotted from the results of the analysis 
(figure 4.6). 
This graph shows that a core taken from ~ slab subject to a compressive stress field 
will cause a tensile strain release on the vibrating wire gauges in the longitudinal 
direction and a corresponding release of compressive strains in the transverse 
direction. These results also indicate the rapid change of strain which occurs close 
to the hole and hence the need for the precise position of the gauges to be noted 
during testing. It is seen that the gauges should be placed as near to the hole as 
possible for the greatest accuracy. However, the closer the gauge is to the hole the 
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greater the chance that it will be influenced by abnormalities In the load 
distribution, caused by the drilling, and local microcracking. 
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Figure 4.6 Radial strains caused by removal of cores 
As the Demec strain gauges are of a standard length, the first block of the VW 
strain gauges could only be placed at a distance of 66mm and 116mm from the 
centre of the hole, for the 75mm and 150mm cores respectively. In the case of the 
75mm core, the change in radial strains relative to the centre of the hole can be 
seen to reduce rapidly after approximately 150mm, where the slope of the graph 
levels off. A similar reduction in the slope of the graph, for the 150mm core, can be 
seen to occur after approximately 250mm from the middle of the hole. The extreme 
end positions of the two sizes of gauge were such that both were approximately 
within these preferred distances (129.5mm and 255.7mm). Thus it would appear that 
the gauges would be positioned at a sufficient distance from the hole to avoid 
complications caused by the drilling and yet within the optimum distance for 
accuracy of readings. 
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These results also indicate the discrepancy that occurs due to the use of a small size 
of slab. The predicted radial strains at the edge of the hole, for both the 150mm and 
75mm cores, using infinite plate theory were 229ps in the longitudinal direction and 
-97ps in the transverse direction for both sizes of slab. Using the F.E. analysis, both 
the longitudinal and transverse strains at the edge of the hole could be seen to 
approach these values as the size of hole reduced. This was also the case for the 
predicted strains at the edge of the slab. At the edge of the slab with the 75mm core, 
the predicted levels of strain release using infinite plate theory were 1.7ps and -0.9ps 
for the longitudinal and transverse directions, compared to values of 3.3ps and 
-2.Ops obtained from the F.E. analysis. For the 150mm core these values increased 
to 6.6ps and -3.6ps using infinite plate theory and 13.8ps and -8.5ps for the F.E. 
model. 
4.5.1 Comparison of Finite Element Analysis and Infinite Plate Theory. 
The results of a finite element (F.E.) analysis and infinite plate theory (Inf.pl.) were 
used to predict the strains that would be measured in a given situation using the 
gauge positions described above (section 4.5). In this study the strains which would 
be developed on three different sizes of slab for core sizes of 150mm and 75mm 
were investigated. The analysis assumed an applied stress of 4N /mm2, with a 
Young's modulus of 35kN /mm2 and Poisson's ratio of 0.15 for the concrete. 
4.5.1.1 150mm cores 
The comparison between the results of the analyses using the infinite plate theory 
and the finite element technique (table 4.2) shows a wide variation for the various 
slab sizes. 
It was immediately apparent that the smaller the size of slab the greater was the 
discrepancy between the two analytical techniques. This was particularly true of the 
strains released around the hole where there was a difference between the strains 
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predicted by the infinite plate theory and the F.E. method of some 19% in 
longitudinal direction and 31 % in the transverse direction, for the smaller slab size. 
Conversely, when the larger plate was considered, the closer the results of the two 
analyses became. This was to be expected as the larger slab more closely resembled 
an infinite plate. However, there were still differences for the estimated strains in 
the two directions of 8% and 13%. These differences have to be considered when 
applying the infinite plate theory to the laboratory results on slabs of a finite size. 
The predicted strains for the VW strain gauge rosettes were relatively much smaller 
than those obtained for the Demec strain gauges and were less affected by the size 
of the slab. It was particularly interesting to note that both the longitudinal and 
transverse strains predicted by the F.E. analysis for the smaller slab were less in 
absolute terms compared with those determined using the infinite plate theory. As 
the size of slab increased, the strains predicted by each method converged. 
Therefore, it was considered that the size of the slab would have little effect on the 
resulting strain release pattern on the VW rosette. 
Predicted principal strains using elastic theory (llS) 
Size of slab Strain 140mm VW gauge rosette 200mm Demec across hole 
(mm) dir. Inf. pI. F.E. Inf. pI. F.E. 
------------------------------------------------------------------------------------------------------------
80Ox800 long. -47 -41 145 173 
trans. 22 19 -71 -93 
100Ox1000 long. -47 -44 145 162 
trans. 22 20 -71 -85 
120Ox1200 long. -47 -45 145 157 
trans. 22 21 -71 -80 
------------------------------------------------------------------------------------------------------------
Table 4.2 Predicted longitudinal and transverse strains around and across hole left 
by removing 150mm core. 
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4.5.1.2 75mm cores 
The results from the analyses considering a 75mm core (table 4.3) show similar 
patterns to those for the 150mm cores. Once again the greatest discrepancies were 
seen in the strains predicted for the transverse direction across the hole, which 
indicated variations of between 3-7% for the largest and smallest slabs respectively. 
The predictions for the longitudinal strains indicated variations of only 2-4%. 
In this case there was a constant variation of 5 % between the two analytical 
techniques for the transverse strains predicted in the VW gauges around the hole. 
The strains predicted for these gauges were constant despite the change in the size 
of the slab. However, the closeness of all the results is such that this case could be 
seen to closely resemble the infinite plate theory. This is to be expected as the ratio 
of plate to hole size is considerably greater than for the 150mm cores. 
Predicted principal strains using elastic theory (ps) 
Size of slab Strain 64mm VW gauge rosette 100mm Demec across hole 
(mm) dir. Inf. pI. F.E. Inf. pI. F.E. 
-----------------------------------------------------------------------------------------------------------
80Ox800 long. -42 -41 145 151 
trans. 21 20 -71 -76 
100Ox1000 long. -42 -41 145 149 
trans. 21 20 -71 -74 
120Ox1200 long. -42 -42 145 148 
trans. 21 20 -71 -73 
-----------------------------------------------------------------------------------------------------------
Table 4.3 Predicted longitudinal and transverse strains around and across hole left 
by removing 75mm core. 
4.6 Conclusions 
The arrangements of Demec and VW strain gauges were to be placed in positions 
where each would be used to its optimum capability. Where the readings were to be 
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the largest and possibly subject to the greatest strain fluctuations, due to stress 
redistribution on and near the core, Demec strain gauges would be used. These 
provide a relatively coarse measurement of strain and the greater the strain change, 
the better the accuracy of reading. The VW strain gauges, being more sensitive, 
were to be placed at a greater distance from the hole and therefore in a region less 
susceptible to the effects of coring. 
The results of an F.E. analysis indicated that the finite size of the slabs could cause 
greater deformations of the hole than those predicted using infinite plate theory, 
particularly when cored with a 150mm diameter core bit. This was particularly 
pertinent to the transverse direction. However, it was considered that the strain 
predictions from the two analytical methods were sufficiently close to assume the 
slabs modelled the infinite plate condition. In the laboratory situation, and on site 
when a very shallow element is cored with the larger size core, the resulting strain 
release patterns caused by the stress-relief technique could be evaluated considering 
the results predicted by the F.E. analysis. 
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5.1 Introduction 
CHAPTERS 
LABORATORY TESTS 
The methods of analysis described in Chapter 4 are based on the premise that the 
stressed medium, from which the core is removed, can be assumed to be perfectly 
elastic, homogeneous and isotropic, and initially subject to plane stress conditions. 
Unfortunately this assumption cannot be considered as wholly valid for concrete, 
due to the presence of micro cracking and the degree of heterogeneity and 
anisotropy introduced by the addition of aggregate to the cement matrix. Therefore, 
a series of laboratory tests on concrete slabs was devised in order to establish the 
validity of the proposed methods for determining the in situ stresses in concrete 
structures. Infinite plate theory and finite element analysis were chosen for 
comparison with the results of the stress-relief technique. 
5.2 Test slab details 
The test programme was split into two parts. The first slabs were tested under 
uniaxial loading to determine the effect of slab size on the resulting stress release 
patterns. In the second series of tests the size of the cored hole was changed and 
uniaxial and biaxial loading arrangements were used. In the initial tests 800mm sq., 
1000mm sq. and 1200mm sq. slabs were tested, with a standard thickness of 100mm. 
The thickness was chosen in order to limit the weight of the slabs and to ensure that 
the applied load was as evenly distributed, across the section, as possible. These 
tests were intended to indicate the range of results which could be obtained using a 
150mm core bit. It was anticipated that the 800mm sq. slab would produce results 
furthest from those predicted using infinite plate theory, because of the influence of 
edge effects. A further test was carried out on this size of slab, using a 75mm core 
for comparison. 
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As part of the main programme of tests, a slab size of approximately 1000mm sq. 
was chosen, for ease of working, and nine further slabs were cast. Six slabs were 
loaded uniaxially, three being cored with a 150mm bit and the remainder with a 
75mm core. Three further slabs were loaded biaxially and cored with a 150mm core 
bit. The sizes of bit were chosen in order to utilise standard bits and to maintain, as 
far as possible, the 6: 1 ratio of strain gauge to largest aggregate size normally 
considered as a requirement for accurate measurement. It was also considered that 
these sizes would provide the greatest flexibility for coring between the steel 
reinforcement in the majority of full-scale situations. 
The specimens were loaded under known uniform uniaxial and biaxial stress fields 
and then cored using standard 150mm and 75mm core sizes. Gauging of the section 
with arrays of VW and demec strain gauges allowed the overall elastic constants to 
be determined and provided measurements of the strains released on coring. Coring 
was continued to within a few millimetres of the back face and then the remaining 
concrete was chipped away with a hammer and chisel. This enabled measurements 
to be made on both the front and back faces of the removed core and around the 
remaining hole. 
5.2.1 Construction of slabs 
Timber shuttering (figure 5.1) was constructed and faced with 16mm/11 veneer, 
marine ply to ensure a durable and flat surface for the casting of all the slabs. The 
sides and base of the shuttering were made so that the overall dimensions could be 
varied from 800mm sq. to 1200mm sq. Bolts were placed on the inside of the side 
faces to locate the threaded inserts required for the lifting eyes, which would be 
used to help transport the slabs around the laboratory and in the loading frame. 
Reinforcing bars were spot welded together to provide a cage of variable 
dimensions depending on the size of slab being cast. The bar spacing allowed six or 
eight 8mm mild steel bars to be positioned in both directions on each face. In each 
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case a 200 x 200mm window was left in the centre of the cage so that coring would 
not cut the steel. Plastic spacers were used to position the cage within the timber 
shuttering and the exact distance to the centre of the window was noted (figure 5.2). 
The shuttering was then bolted together and timber soldiers and steel props were 
used to ensure the assembly remained upright and the two faces were parallel. 
The concrete mix design (table 5.1) was originally used by Edgington [113] for use 
with steel fibre reinforcement. However, the design provided a highly workable mix 
which could easily be placed within the narrow confines of the shuttering and 
reinforcing cage. 
Constituents Ratios by weight 
10mm aggregate (oven dried) 1.36 
0-5mm aggregate (oven dried) 2.04 
OPC 1.00 
Water (added) 0.48 
Total 4.88 
Free water:cement ratio 0.4 
Table 5.1 Concrete mix proportions 
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Figure 5.1 Timber shuttering used in the construction of test slabs. 
Figure 5.2 Reinforcing cage used in test slabs. 
The mix was intended to have a slump of approximately 70mm and to achieve a 28 
day cube strength of 50N/mm2. Unfortunately it was not possible to oven dry th( 
aggregates and, as the Thames Valley aggregate used had a highly variable wate] 
content, it was decided that the slump of the mix would be used as the controlling 
factor. As the mmUmum capacity of the mixer was 150kg this necessitated two mixe~ 
for the 800 x 800rnm slabs and three for each of the larger slabs. The concrete wa~ 
placed by hand and compacted with a 25mm vibrating poker which could be 
lowered between the reinforcement in the front and back faces of each slab. The 
shuttering was struck after approximately 20 hours and the slab was left to cure 
under plastic for a further 1.5-2 days prior to removal to a storage bay. The s l ab~ 
were stored in an upright position with free circulation of air between them 
allowing shrinkage to commence from both sides. The dates of casting and te tinE 
were noted (appendix B.1) 
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Concrete prisms were cast to provide compression specimens for elastic modulus 
tests. The elastic constants were determined in accordance with BS1881, Part 121 
[114], and the results were compared with those obtained from the gauging and 
incremental loading of the slabs (appendix B.2). 
5.2.2 Comparison of gauging systems 
The gauging of the test slabs was carried out using demec points of lOOmm and 
200mm gauge length in conjunction with 64mm and 140mm long VW strain gauges. 
Two tension tests were carried out on steel specimens in order to ensure that the 
two systems were compatible and produced accurate results. Allowance had to be 
made for the effect of temperature on the surface mounted gauges as they were very 
quick to respond to minor fluctuations. The use of VW strain gauges is 
independent of operator error once they are mounted correctly. 
Each of the test specimens was 50.8mm wide and 6.3mm thick. Demec gauge 
lengths of 200mm were positioned either side of a VW gauge attached to the front 
and back faces and lOOmm demec lengths were placed along the narrow sides. The 
first specimen gave a clear distance of approximately 600mm between clamping 
points and 140mm VW gauges were attached on either side. The second piece was 
almost half the length of the first and 64mm VW gauges were attached to the front 
and back faces. Using these two gauged specimens it was possible to compare the 
results obtained from the different gauge types and lengths. 
The results (figures 5.3 and 5.4) show a very good degree of consistency between the 
measurements made using the demec and VW strain gauges. Generally the results 
lay within + / - 5 % of the predicted values, which is within the accuracy of the gauges. 
The only variation from this was in the initial results from the 100mm demec 
gauges. However, the position of these gauges was not ideal and there was evidently 
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some initial bedding-in effect which produced a higher initial straining on the 
shorter specimen. 
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Figure 5.3 Comparison of gauge results obtained using long specimen. 
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Figure 5.4 Comparison of gauge results obtained using short specimen. 
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5.2.3 Gauging arrangements 
The slabs were gauged on both sides and the arrangements were chosen to allow 
for the use of demec gauges on the core and across the hole and VW gauges in a 
rosette surrounding the hole (figure 5.5 to 5.8). The VW strain gauges were chosen 
to be compatible with the size of core taken (Chapter 4); 140mm gauges were 
positioned around the 150mm cores and 64mm gauges were used around the 
75mm cores. In addition, a series of 100mm demec gauge points were positioned 
across the mid-section of each slab, perpendicular to the direction of loading. 
During loading these gauges were used to measure the elastic response of the 
concrete and hence the overall Young's modulus of the concrete was determined. 
The preliminary slabs had a rosette of 50mm demec gauges and 64mm VW gauges, 
around the 150mm diameter hole, offset at 22.5° to the direction of loading (figure 
5.5). This was modified to include only the smaller VW gauges closer to the holes 
taken through the later slabs (figure 5.7). In addition to strain measurement, the 
VW gauges used the plucking coil as a temperature transducer. 
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Figure 5.5 Gauging used around 150mm diameter core on preliminary test slabs. 
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Figure 5.6 Gauging used around 75mrn diameter core on preliminary test slabs. 
Figure 5.7 Typical gauging arrangement used around 150rnm diameter core 
on mai n test slabs. 
Figure 5.8 Gauging used around 75mm diameter core on main test slabs. 
5.2.4 Loading arrangements 
In order to load the slabs uniaxially and biaxially, a large steel testing frame was 
used, which provided a 5m x 2m testing window. To provide a uniaxial loading case, 
the frame was used to support small 20t jacks suspended from the cross-beam 
(figure 5.9). To ensure the system loaded the slabs as uniformly as possible, the top 
and bottom were levelled, prior to testing, using plastic padding. A thick steel plate 
was placed along the top of each slab, through which the jacks loaded the slab. This 
plate ensured that the load was distributed as evenly as possible across the gauged 
section. 
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Figure 5.9 Uniaxial loading system 
An additional frame was constructed for the biaxial system which comprised two 
triangular sections from which two SOt jacks were suspended (figure 5.10). A self-
stressing frame was formed by connecting two pairs of 40mm Dywidag bars from the 
jacks to a distribution beam on the far side of the slab. In order to ensure that 
loading was carried out in the plane of the slab a pivoting system was employed at 
the dead end (figure 5.11). 
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Figure 5.10 Biaxial loading system 
Figure 5.11 Pivot system for biaxial loading frame 
5.3 Effects of shrinkage and creep 
As the slabs had to be constructed speciaUy for this testing programme, the 
concrete was immature when tested. The tensile stresses locked into the surface of 
the concrete by differential shrinkage, resulted in large compressive strains being 
measured on the removed core. In addition the dry conditions of storage ensured 
that the concrete readily absorbed water and expanded when cored. These two 
phenomena counteract one another to produce a result which is difficult to predict 
theoretically. In order to investigate the effect of differential shrinkage and the 
expansion of the core due to wetting, three slabs were cored under no load 
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conditions with the 75mm bit. A 45° jfour gauge rosette of demec points on and 
around the coring position was chosen and two 64mm VW gauges were placed 
above and below. As the effect of the coring water was to change the temperature of 
the VW gauges, especially on the front face, allowance had to be made for this. The 
gauges were quicker to respond than the concrete slab and it was assumed that 
thermal equilibrium was reached the day after coring. Raising the temperature 
caused the gauges to indicate an apparent increase in compression. A coefficient of 
expansion of 12psjOC was assumed for the steel vibrating wire, based on the gauge 
manufacturer's literature. 
Edgington [113] carried out shrinkage tests on a mortar mix, using a similar fine 
aggregate, and showed that at 112 days a shrinkage strain of approximately 550ps 
was obtained. Neville [34] published graphs which indicated the effects of increasing 
aggregate content on the shrinkage of concrete. Allowing for the addition of coarse 
aggregate to Edgington's original mix, the ultimate shrinkage for the concrete was 
estimated as 520ps. The Bazant and Panula BPn method was used to assess the 
shrinkage strains at various time intervals. These shrinkage strains are the 
predictions for the surface of the concrete. However, differential shrinkage occurs 
across the section due to changing moisture gradient as the specimen dries. The 
predicted distribution of compressive shrinkage strains across the section was 
obtained using the method suggested by Carlson [29] (figure 5.12). Using the graph 
of the predicted compressive strain distribution it was possible to determine the 
equilibrium position which balanced the stresses on the surface with those in the 
interior of the section, assuming Young's modulus remained constant. The effect on 
the surface was to produce a locked-in self-equilibriating tensile stress. This resulted 
in a tensile strain release on the surface of the core, which could be compared with 
predicted values (figure 5.13). 
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Figure 5.13 Variation of tensile strains released on the surface. 
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5.3.1 Shrinkage tests 
The three slabs were tested at ages of 173, 233 and 242 days. On coring the slabs the 
resultant strain changes on the demec and VW strain gauges were noted at various 
time intervals. A prediction of the strains released was made considering the 
assumed differential shrinkage distribution. The resulting estimates for the tensile 
strains which would be released on the surface were approximately 55, 35 and 33ps 
for the three slabs. 
5.3.1.1 Core results 
On coring the first two slabs, a number of the demec points on the back face were 
lost. However, a complete set of strain measurements was obtained for both the 
front and back faces of the last slab (table 5.2). The strain changes, after coring, 
indicated an initial overall expansion on the front face and contraction on the back 
face. As the resultant strain changed with time, the difference between the two faces 
remained approximately the same, but there was an overall increase in tensile 
strain. 
Time since coring completed (Hr) 
48 Slab No. 0.5 1 2 3 4 5 22 
-------------------------------------------------------------------------------------------------------
SI- A 5 -50 -90 -119 -202 -271 
B lost lost lost lost lost lost 
S2-A -85 -100 -139 -239 
B lost lost lost lost 
S3-A -47 -107 -127 -226 
B 126 66 50 -30 * 
A-front face, B-back face * avo of three readings 
Table 5.2 Average strains measured on cores of slabs S1-S3. 
8.+ 
The average initial strain release on the core of slab S3 was 39}ls. This was 
comparable to the value of 33}ls obtained using Carlson's method of assessment 
(figure 5.13) for differential shrinkage strains. The initial strains released were 
apparently influenced by distortion due to the presence of the water and release of 
the tensile stresses induced by differential shrinkage. 
The results from the front faces of the first two slabs were compared with the third 
slab. These indicated similar trends, with the strains measured on the first slab 
initially more compressive than the others but following a similar pattern of 
increasing tensile strains with time. Therefore, it was concluded that the initial 
deformation was primarily due to the release of differential shrinkage strains and 
further development of strain was due to moisture movement and redistribution of 
locked-in stresses. 
3.1.2 Measurements taken across the hole 
Measurements were made of the tensile strains released on the demec array across 
the hole left after coring was completed. The average strains released on the 
complete demec array were fairly consistent (table 5.3), except for the values 
obtained from the back face of slab S3 where particularly high values were 
measured. This phenomenon was probably due to the particularly severe damage 
caused during the removal of the core which resulted in micro cracking of the 
concrete. The results on the other two slabs show that both sides registered similar 
levels of tensile strain which were maintained at a fairly constant level throughout 
the day of coring. Higher strains were released on slab S 1 due to the higher 
differential shrinkage strains. It was noticeable that there was a slight increase in the 
tensile strains on the front face due to this phenomenon. The following day some 
creep redistribution occurred, resulting in lower tensile strains being registered. 
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Slab No. 0.5 
Time since coring completed (Hrs) 
1 2 3 4 5 22 
-----------------------------------------------------------------------------------------------
Sl-A 
-86.5 -98.6 -102.6 
-108.7 -74.5 
B -78.5 -92.6 -82.5 
-74.5 -20.1 
average -82.5 -95.6 -92.6 
-91.6 -47.3 
-----------------------------------------------------------------------------------------------
S2-A 
B 
average 
S3-A 
B 
average 
-82.4 
-70.4 
-76.4 
-86.0 
-144.9 
-115.5 
A-front face, B-back face 
-70.4 -70.4 
-76.5 -60.4 
-73.4 -65.4 
-93.9 -99.3 -91.2 * 
-136.9 -140.9 -120.8 
-115.4 -120.1 -106.0 
* avo of three readings 
Table 5.3 Average strains measured across holes of slabs Sl-S3. 
-68.4 
-16.1 
-42.3 
Using Carlson's method the predicted strains due to differential shrinkage on these 
three slabs were -82ps, -78}ls and -72]1s respectively. Taking an average of the two 
faces, a close correlation can be seen between the results for the first two slabs and 
these predicted values, within the first 1-2 hours after coring. 
3.1.3 VW strain gauge rosettes 
The results obtained from the 64mm VW strain gauges showed a similar pattern to 
those obtained from the core. The gauges on the front face registered increasing 
tension with time and those on the back face recorded consistent compression. As 
with the core results, the initial release of locked-in stresses combined with the 
effects of water affected the readings obtained from the back face. Thus the tensile 
strains created by water absorption on the front face, caused a warping effect which 
resulted in greater compressive strains measured on the back face. This implied that 
a bending process was induced in the slab due to the water. The average results, 
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from the two faces (table 5.4), showed a degree of consistency for the three slabs. 
The resultant average strains reduced to almost zero on the day after coring. A 
comparison with the initial prediction of the differential shrinkage strains using 
Carlson's method (section 5.3), indicated overall compressive strain releases similar 
to those measured. 
Slab 0.5 
Time since coring completed (Hrs) 
12345 22 
Predicted 
value 
----------------------------------------------------------------------------------------------------------------
Sl 18.6 30.2 29.9 24.5 3.4 24 
S2 20.6 24.7 24.8 -1.6 23 
S3 23.4 31.4 25.3 5.2 21 
----------------------------------------------------------------------------------------------------------------
Table 5.4 Average strains measured on external rosettes of slabs Sl-S3. 
3.1.4 Shrinkage effects 
It was seen from these tests that it may be possible to allow for the effects of 
differential shrinkage, for the case of the readings taken on the core and across the 
hole. The results from the VW strain gauge rosette indicated that the effects of self-
equilibriating stresses and expansion due to water could be disregarded by the day 
following coring. As the age of the slabs increased, the effects caused by differential 
shrinkage would be considerably reduced. However, the slabs in the main testing 
programme were younger than these shrinkage test specimens and prediction of the 
locked-in stresses could not be carried out with any confidence due to the lack of 
information on the shrinkage characteristics of the concrete. 
The effects monitored on these slabs were due to the dry storage conditions of the 
slabs and the relative immaturity of the concrete. It is recognised that the 
phenomenon of differential shrinkage would have little effect on structures over 
one year old. The effects of moisture uptake on a structure subject to external 
conditions in the United Kingdom would be considerably less than in the laboratory 
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situation. It was therefore considered that, on internal structures, readings should be 
taken on the core as soon as possible after coring . 
. 3.2 Creep test 
In order to simulate the loading regime for the slab tests, a standard pnsm 
(lSOxlS0x300mm) was subjected to similar load increments and then left to creep. 
The effect on the concrete was registered, for two days after loading, using VW 
strain gauges. 
The results indicated an average creep strain of approximately Sps during the day of 
coring, increasing to lSps the day after. On unloading the prism, approximately 6ps 
creep strain recovery was measured. It was thus considered that creep across the 
hole left by coring should be considered as a mechanism but that creep recovery on 
the core was unlikely to be of any significance in the short-term of the laboratory 
tests. 
5.4 Preliminary slabs 
The preliminary slabs were loaded uniaxially to a stress of 4-SN jmm2, depending on 
the size. The results were divided into two sections; the O.8m, 1m and l.2m sq. slabs 
with a lS0mm core and the O.8m sq. slab with a 7Smm core. 
5.4.1 Strains released on taking 150mm cores 
In order to compare the strains released, on conng these slabs, with the 
theoretically predicted values it is necessary to allow for the variations in Young's 
modulus of the concrete. Therefore, average values were taken for the moduli 
(appendix B2) based on incremental loading of the slabs and test prisms. 
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k1.1 Core results 
Careful inspection of the strain/time graphs for each of the 100mm demec gauges 
on the core revealed that all the strain measurements followed a similar path and 
that none produced inexplicable values. Using this technique, areas where cracking 
influenced the strain readings could be identified. In this case it was possible to 
utilise the strain measurements obtained from each of the eight gauges on the cores 
to obtain the maximum and minimum principal strains for a number of time 
intervals after coring. Examination of the principal strains (figure 5.14) revealed 
that the each core behaved in a similar way, with an initial release followed by a 
steady increase in tensile strain. Slabs 1 and 2 had a continuing compressive strain 
release, resulting from the locked-in tensile stresses, for a few hours after coring. It 
was necessary to reduce the effects of both redistribution of locked-in stresses and 
expansion due to the use of cooling water, which commence as soon as coring 
begins. It was therefore decided that the in situ stresses should be determined from 
the compressive strains released as soon as coring was completed or within 1-2 
hours (table 5.5). 
As with the shrinkage tests (section 5.3.1.1) the strains measured on these cores 
indicated an increased compressive strain release due to locked-in tensile stresses 
caused by differential shrinkage. The tensile strains measured on the second slab 
were greater than on the other two. This was due to the fact that this was the oldest 
of the three slabs and therefore the least affected by differential shrinkage. The 
measured strains were less than those predicted, using infinite plate theory, for a 
complete release of the applied compressive stress, due to differential shrinkage. It 
was noted that the maximum lateral strains were generally not affected to the same 
extent. The second slab showed an unexpected mode of behaviour with the 
maximum strain indicating a lower value than predicted. 
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Figure 5.14 Principal strains from cores of slabs 1-3. 
Slab (days) Measured I nf.p I. Diff 
---------------------------------------------------------------------------
1 83 max 24 17 7 
ffiln -75 -106 31 
2 137 max 0 25 -25 
ffiln -122 -147 25 
3 65 max 39 27 12 
ffiln -86 61 75 
---------------------------------------------------------------------------
Table 5.5 Principal strains released on cores 1-3. 
4.1.2 Measurements taken across the hole 
The results obtained from the demec readings across the hole were fairly consistent 
(figure 5.15) and were comparable with those obtained from the cores. It was 
evident that there was little change in the principal strains from the time of coring. 
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This tended to confirm the idea that the release across the hole was primarily 
influenced by the redistribution of locked-in stresses. The increase in the maximum 
principal strains by the following day was probably caused by creep of the concrete 
in the direction of loading enhanced by local swelling due to the coring water. In 
the transverse direction these two phenomena counteracted each other and there 
was little resultant change within the time period considered. The effect of 
differential shrinkage was to produce smaller maximum strain values, according to 
the age of the slab considered (table 5.6). 
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Figure 5.15 Principal strains released across holes of slabs 1-3. 
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Slab 
Age 
(days) 
Tension released on core (llS) 
Measured F. E. Diff 
--------------------------------------------------------------------------
1 83 max 115 149 -34 
nun 
-88 -77 -11 
2 137 max 181 208 -27 
nun 
-163 -112 -51 
3 65 max 151 202 -51 
. 
-117 mIn -111 -6 
--------------------------------------------------------------------------
Table 5.6 Principal strains released across holes 1-3. 
4.1.3 VW strain gauge rosettes 
The results obtained from the demec arrays around the hole provided too coarse a 
measurement (+ I-lOps) to give valuable results. These were replaced in the main 
programme of tests with 64mm VW strain gauges. Using the VW strain gauges 
around the hole, the principal strains obtained from the two sizes of VW strain 
gauges compared well with each other (figures 5.16 and 5.17). The first slab 
produced results which were not in keeping with those from the other two. It 
appeared that the redistribution of locked-in stresses was the primary factor and this 
caused a reversal of the strains measured on the second day. By 24 hours after 
coring, this phenomenon had overcome the effects of the initial release and any 
swelling caused by the coring water. Comparison of the principal strains determined 
from the released values, with those estimated using infinite plate theory and the 
results of the finite element analysis (tables 5.7 and 5.8) shows that the longitudinal 
strains are similar to those anticipated with only minor variations. However, it 
would appear that the transverse readings are greater than anticipated and are 
influenced by the distortion across the hole. 
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Slab 
Principal strains (}Is) since time of coring (hrs) 
0.5 1.5 2.5 4 24 Inf. pI. F.E. 
--------------------------------------------------------------------------------------------------------
1 max 29 21 24 21 20 
. 
-31 -37 -32 -45 -43 mIn 
2 max 50 43 38 33 30 27 
rrun -52 -62 -65 -71 -61 -56 
3 max 30 31 26 30 27 23 
rrun -37 -48 -53 -58 -55 -48 
Table 5.7 Principal strains released at 140mm VW gauges 1-3. 
Slab 
Principal strains (Jls) since time of coring (hrs) 
0.5 1.5 2.5 4 24 Inf. pI. 
--------------------------------------------------------------------------------------
1 max 22 13 17 26 
mIn -25 -32 -25 -55 
2 max 48 38 35 31 36 
rrun -36 -43 -48 -48 -74 
3 max 30 31 26 30 32 
. 
-31 -42 -45 -43 -67 mIn 
--------------------------------------------------------------------------------------
Table 5.8 Principal strains released at 64mm VW gauges 1-3. 
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Figure 5.16 Principal strains released at 140mm VW strain gauges 1-3. 
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Figure 5.17 Principal strains released at 64mm VW strain gauges 1-3. 
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;.4.2 Preliminary test using 75mm core 
A test was carried out on an 800mm sq. slab using a 75mm core. Demec gauges of 
50mm gauge length were used on the core with lOOmm gauge lengths spanning 
across the hole. However, only rosettes containing four demec points were used on 
this occasion. The VW strain gauge rosette comprised 8/64mm gauges on both sides. 
During this test VW strain readings were taken at different depths of coring in order 
to investigate how the release of stress was affected by the depth of coring. 
4.2.1 Core results 
The pattern of results obtained from conng this slab was very similar to that 
developed in the first 150mm core taken from the 1200mm sq. slab. However, in this 
case the release of locked-in stresses produced a more pronounced increase in the 
maximum strains, measured in the transverse direction, with a corresponding 
decrease in the minimum (table 5.9). 
Time since coring complete (hrs) 
0.5 1.0 1.5 2.0 22.5 
Max 148 
Min 23 
115 
-10 
89 
-32 
81 
-54 
91 
-19 
Table 5.9 Principal strains released on core 4. 
Inf. pI. 
21 
-130 
It can be seen that the effects of differential shrinkage far outweighed those due to 
any other phenomena at initial release. It is clear that the actual release will have 
commenced as soon as coring began but only measurements taken after coring has 
been completed are considered here. Although a resultant shrinkage strain 
amounting to 105vs had been estimated, it is seen from these results that this is an 
under-estimate. The average value released immediately after coring was 
approximately 150ps. Once again it is noted that there appears to be an 
enhancement of the release of locked-in stresses in the direction of loading. 
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f.2.2 Measurements taken across the hole 
Unfortunately in this case the demec gauges on the back face were lost while 
removing the core. The measurements taken on the front face were only continued 
for a period of 2 hours after coring. The results of these measurements were in 
keeping with those from slabs 1-3 with little change noticed over the time 
monitored (table 5.10). 
Time since coring completed (hrs) 
0.5 1.0 1.5 2.0 Inf. pI. F. E. 
--------------------------------------------------------------------------------------
Max 166 
Min -134 
160 
-132 
164 
-120 
170 
-122 
167 
-83 
174 
-89 
--------------------------------------------------------------------------------------
Table 5.10 Principal strains released across hole 4. 
Unlike the results from the core there was little evidence of a differential shrinkage 
effect on the maximum strain, measured in the longitudinal direction. It had been 
previously noted that results from the front face tended to show less compression in 
the longitudinal direction and more tension transversely, than the back face. Taking 
account of this would result in greater compression measured in the longitudinal 
direction. This would be contrary to the expected result if differential shrinkage was 
acting. It would appear that the combination of the damage to the back face of the 
slab and the effect of stopping to take VW strain gauge readings had an adverse 
affect on the hole readings. 
f,2.3 VW strain gauge rosettes 
The results obtained from the rosette (table 5.11) show a slow decrease in the 
principal strains over the 2 hours that measurements were taken. These results are 
comparable with those from the core which showed apparently greater comprt-ssive 
strains released in the transverse direction than tensile strains released in the 
longitudinal direction. 
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Time since coring completed (hrs) 
0.5 1.0 1.5 2.0 Inf. pI. F. E. 
--------------------------------------------------------------------------------------
Max 51 
Min -24 
49 
-37 
45 
-36 
39 
-45 
24 
-49 
23 
-47 
--------------------------------------------------------------------------------------
Table 5.11 Principal strains released at 64mm VW array 4. 
5.5 Main testin2 pro2famme 
Comparisons were made between the strains released on a number of 1m square 
slabs and predicted values obtained using finite element analysis and infinite plate 
theory. In order to make these comparisons it was necessary to consider average 
values of Young's modulus for the slabs (appendix B.2) . 
. 5.1 Uniaxial tests with 150mm core 
A series of three tests (I, II, III) was carried out using a slab size of 1m sq. and a 
150mm core bit. Demec gauges were used on and across the core. Two 
arrangements of VW strain gauge rosettes were used around the core position with 
140mm gauges spaced at 110mm from the centre and the 64mm gauges at 120mm. 
Coring was carried out under a uniaxial load of 50 tonnes. 
;.1.1 Core results 
Unusual behaviour caused by microcracking of the concrete, around the hole, can 
be determined by close examination of the resulting strain release patterns. By 
carefully examining the 100mm demec measurements made on the cores of these 
test slabs, an anomaly became apparent for one of the gauge positions on slab II. It 
was thus possible to disregard this reading and rely on the remaining results. The 
measurements made after coring these slabs showed a very good degree of 
consistency in the results (figure 5.18). 
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Figure 5.18 Principal strains released on cores I-III. 
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As these slabs were of approximately the same age, it was expected that the effect of 
differential shrinkage would produce similar differences between the principal 
strains released and those predicted using infinite plate theory. This was borne out 
by the results from initial release in slabs I-III which produced values of 54ps, 59ps 
and 49ps respectively, due to release of locked-in stress (table 5.12). A similar 
pattern was seen in the transverse direction, although again it was noticeable that 
there was not such a significant difference between the measured and predicted 
values. This reinforced the idea that the effect of release of locked-in stresses was 
stress enhanced. 
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Slab 
Principal strains (\1s) 
Measured Inf. pI. Diff 
-----------------------------------------------------------------------------------------
I max 46 25 21 
nun -84 -138 54 
II max 66 19 47 
nun -76 -135 59 
III max 36 23 13 
nun -78 -127 49 
-----------------------------------------------------------------------------------------
Table 5.12 Principal strains released on cores I-III. 
5.1.2 Measurements taken across the hole 
The measurements made across the hole were very consistent and resulted in the 
principal strains shown (figure 5.19). A gradual increase in strain was apparent in 
the longitudinal direction and appeared to be primarily due to creep across the hole 
and local swelling. Any increase in the transverse tensile strain caused by creep was 
offset by the swelling of the concrete. Using the eight gauge strain assessment 
described in section 4.2, the principal strain directions were seen to lie within 10 of 
the vertical. 
The principal strains, deduced from the measured strains, were compared with the 
analytical predictions (table 5.13). There were generally smaller compressive strains 
and larger tensile strains than expected. A comparison was made between the 
measured strains and those estimated using infinite plate theory and finite element 
analysis. The difference between the measured and predicted strain values, using 
infinite plate theory, indicated greater discrepancies in the transverse direction than 
in the longitudinal direction. This was not the case for the finite element analysis 
which produced results similar to those on the core (table 5.12), with the strain 
differences in the direction of loading being greater than those in the transverse 
direction. 
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Figure 5.19 Principal strains released across holes I-III. 
Principal strains (ps) 
Slab Measured Inf. pI. Diff 
25 
-a- SLAB I MAX 200mm 
~ MIN 
--9--- SLAB II MAX 200mm 
~ MIN 
~ SLAB III MAX 200mm 
-+- MIN 
F.E. Diff 
--------------------------------------------------------------------------------------------------------
I max 146 179 -33 200 -54 
rmn -135 -91 -44 -109 -26 
II max 157 173 -16 193 -36 
mIn -116 -83 -33 -100 -16 
III max 124 165 -41 185 -61 
rmn -101 -85 -16 -101 0 
-------------------------------------------------------------------------------------------------------
Table 5.13 Principal strains released across holes I-III. 
5.1.3 VW strain gauge rosettes 
The measurements made with the two sets of VW rosettes (figures 5.20 and 5.21) 
produced very similar results. Although the smaller gauges were set at a further 
distance from the core than the larger gauges, the rapid strain change which 
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occurred at this position resulted in greater Illilllmum principal strains In the 
direction of loading (tables 5.14 and 5.15) than predicted. This tended to suggest 
that the theory does not adequately model the release which occurs on the 64mm 
VW strain gauges. However the release around the hole was in keeping with that 
noted across the hole, where there were smaller longitudinal tensile strains and 
greater transverse compressive strains than expected. Each set of gauges indicated 
an orientation for the principal strains within + /_40 of the vertical. 
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Figure 5.20 Principal strains released at 140mm VW strain gauges I-III. 
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Figure 5.21 Principal strains released at 64mm VW strain gauges I-III. 
Slab Measured 
Principal strains (ps) 
Inf. pI. Diff F.E. Diff 
--------------------------------------------------------------------------------------------------------
I max 36 29 7 26 10 
ITIln -47 -58 11 -54 7 
II max 32 26 6 23 9 
ITIln -43 -56 13 -53 10 
III max 29 27 2 24 5 
mIn -32 -54 22 -50 18 
--------------------------------------------------------------------------------------------------------
Table 5.14 Principal strains released at 140mm VW gauges I-III. 
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Slab Measured 
Principal strains (tIs) 
Inf. pI. Diff 
-----------------------------------------------------------------------------------------
I max 34 35 
-1 
ffiln -59 
-71 12 
II max 36 31 5 
ffiln -52 
-69 17 
III max 26 32 
-6 
ffiln -46 
-66 20 
-----------------------------------------------------------------------------------------
Table 5.15 Principal strains released at 64mm VW gauges I-III. 
;.5.2 Uniaxial tests with 75mm core 
Three tests were carried out using a 75mm core bit on slabs IV to VI using the 
coring method. Eight, 64mm VW strain gauges were used around the coring 
position, in addition to the demec points on and across the core. 
5.2.1 Core results 
The results of the measurements made on the 75mm core showed that there was a 
pronounced effect due to differential shrinkage and swelling of the concrete (figure 
5.22). The resulting increased compressive strain patterns far outweighed the 
effects of the applied stress. However, the general pattern of gradually decreasing 
strains with time was still evident. 
If a comparison is made between the estimated longitudinal principal strains and 
those predicted using infinite plate theory (table 5.16), it is noticeable that slab V 
suffered considerably greater release of shrinkage strains than the other two slabs. 
Slabs IV and VI produced results comparable with those from preliminary slab 4 
(15Ops) for an increased age at testing. 
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Figure 5.22 Principal strains released on cores of slabs IV-VI. 
Slab 
Principal strains (ps) 
Measured Inf. pI. Diff. 
-----------------------------------------------------------------------------------------
IV max 108 23 85 
mIn -22 -136 114 
V max 164 23 141 
mIn 82 -150 232 
VI max 146 20 126 
Ill1n -41 -136 95 
Table 5.16 Principal strains released on cores IV-VI . 
.2.2 Measurements taken across the hole 
The strains released across the holes, on slabs IV to VI, produced similar patterns 
to those on the cores and indicated an enhanced tensile strain in the minimum 
transverse direction after the initial release of stress (figure 5.23). This was due to 
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the effects of differential shrinkage and moisture uptake. It was noticeable that slab 
V was affected to a greater extent than the other two slabs (table 5.17). This was a 
similar pattern to that obtained from the core test (table 5.16). Examining the 
differences between the measured and predicted releases on the core and around 
the hole, it is interesting to note that the absolute magnitudes are very similar. In 
addition, an enhanced strain in the longitudinal direction on the core is reflected in 
an increased transverse strain across the hole. Redistribution of stresses and local 
swelling of the concrete caused the strain gradients to steadily increase over 24 
hours. 
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Figure 5.23 Principal strains released across holes of slabs IV-VI. 
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Slab 
Principal strains (lIS) 
Measured Inf. pI. Diff F.E. Diff 
--------------------------------------------------------------------------------------------------------
IV max 120 175 -55 180 -60 
nnn -182 -88 -94 
-92 -90 
V max 13 192 -179 198 -185 
. 
-231 -94 -137 mIn 
-98 -133 
VI max 55 173 -118 178 -123 
mIn -152 -84 -68 -88 -64 
--------------------------------------------------------------------------------------------------------
Table 5.17 Principal strains released across holes IV-VI. 
5.2.3 VW strain gauge rosettes 
There was very little change over the first few hours after coring (figure 5.24). 
However, there was a general decrease in strain by the following day, which was 
compatible with the results from the other gauge measurements. As with the demec 
measurements, the strain release pattern indicated a release of locked-in tensile 
stresses. The difference between the measured and predicted values on the rosette 
(table 5.18) and the results from around the hole (table 5.17) and on the core 
(table 5.16) show a rapid increase in the effect of release of differential shrinkage. 
This increase was relative to the positions of the gauges; the core was the most 
affected by this phenomenon. 
In keeping with the measurements across the hole, the VW strain gauges generally 
indicated that the strains in the transverse direction were greater than predicted. 
However, there was little difference between the estimated and predicted strains for 
the two principal directions. 
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Figure 5.24 Principal strains released at 64mm VW strain gauges IV-VI. 
Slab Measured 
Principal strains (ps) 
Inf. pI. Diff F.E. Diff 
--------------------------------------------------------------------------------------------------------
IV max 53 26 27 25 28 
. 
-23 -51 28 -49 26 ffiln 
V max 60 27 33 27 33 
mIn -13 -56 43 -54 41 
VI max 51 25 26 24 27 
mIn -32 -50 18 -49 17 
--------------------------------------------------------------------------------------------------------
Table 5.18 Principal strains released at 64mm VW gauges IV-VI. 
5.3 Biaxial tests with 150mm core 
Three slabs, VII to IX, were loaded biaxially to 50 tonnes vertically and 100 tonnes 
horizontally. Demec points were placed on and around the core position with 
rosettes of VW strain gauges surrounding the core in the same manner as in the 
uniaxial test series. 
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;.3.1 Core results 
The principal strain results from coring slabs VII to IX showed a greater degree of 
compatibility (figure 5.25) than those from the previous tests. This was due to the 
greater age of the slabs and, therefore, smaller locked-in shrinkage stresses, and the 
higher applied load. The increased proportion of strains released due to the load, 
compared with those due to differential shrinkage, meant that the effects of 
shrinkage were less apparent. The average difference between the measured and 
predicted strains released was -38ps for the three slabs (table 5.19). These 
differences were comparable with those for slabs I to III (table 5.12). However, it 
should be noted that the temperature of the surroundings had increased by some 
5°C over the period of this test. This was due to the power pack used to drive the 
large loading rams. As the effect of a temperature gradient can be likened to the 
strain gradient imposed by differential shrinkage, it is possible that the rise in 
temperature enhanced the apparent locked-in stresses. 
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Figure 5.25 Principal strains released on cores of slabs VII to IX. 
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Slab 
Principal strains (lIS) 
Measured Inf. pI. Diff 
-----------------------------------------------------------------------------------------
VII max -70 -98 
-28 
. 
-201 -262 
-61 mIn 
VIII max -71 -84 
-13 
mIn -207 -234 -27 
IX max -42 -85 -43 
mIn -177 -231 -54 
Table 5.19 Principal strains released on cores VII-IX. 
5.3.2 Measurements taken across the hole 
As with the results of the core test, the strain measurements made across the hole 
were very consistent (figure 5.26). There was generally little change within the day 
of coring but an increased strain, in each direction, was measured on the following 
day. This increase was primarily due to creep redistribution of stresses. 
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Figure 5.26 Principal strains released across holes of slabs VII-IX. 
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The results of the comparison with the finite element assessment (table 5.20) 
indicated an approximate release of apparent locked-in stress of -48ps in the major 
load direction and -23ps transversely. 
Slab Measured 
Principal strains (llS) 
Inf. pI. Diff F.E. Diff 
---------------------------------------------------------------------------------------------------------
VII max 230 272 -42 298 -68 
Illln -33 4 -37 
-10 -23 
VIII max 234 245 -11 268 -34 
Illln -38 -2 -36 -15 -23 
IX max 223 242 -19 265 -42 
Illln -40 1 -39 -12 -28 
---------------------------------------------------------------------------------------------------------
Table 5.20 Principal strains released across holes VII-IX . 
.3.3 VW strain gauge rosettes 
The results from both sets of gauges were very consistent (figures 5.27 and 5.28) and 
produced similar principal strain patterns. Comparing the difference between the 
release values and those predicted, it was again noted that the strains in the minor 
stress direction were larger than expected (tables 5.21 and 5.22). The difference on 
the 140mm VW strain gauges were Ops and 15ps for the two directions. These 
values compared very well with the results from the 64mm gauges, which produced 
differences in the estimates of -Ips and 20ps for the two directions. 
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Figure 5.27 Principal strains released at 140mm VW strain gauges VII-IX 
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Figure 5.28 Principal strains released at 64mm VW strain gauges VII-IX 
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Slab 
Principal strains (liS) 
Measured Inf. pI. Diff F.E. Diff 
~-i----~~----------------~-i--------------------~3--------i~---------------------~5---------i6----
mIn 
-82 -90 8 
-85 3 
VIII max 18 -1 19 
-3 21 
mIn 
-75 -81 6 
-76 1 
IX max 3 -2 5 
-4 7 
mIn 
-83 -80 -3 
-75 -8 
---------------------------------------------------------------------------------------------------------
Table 5.21 Principal strains released at 140mm VW gauges VII-IX. 
Slab 
Principal strains (ps) 
Measured Inf. pI. Diff 
-------------------------------------------------------------------------------------
VII max 17 -5 22 
mIn -106 -111 5 
VIII max 17 -2 19 
mIn -97 -99 2 
IX max 17 -3 20 
mIn -107 -98 -9 
Table 5.22 Principal strains released at 64mm VW gauges VII-IX. 
5.6 Determination of coefficients 
In order to convert the strain results, obtained from the demec gauges across the 
hole and VW strain rosettes, to the true applied stresses it is necessary to modify 
the apparent stresses by applying adjusting coefficients. Values for these 
coefficients were obtained using infinite plate theory and finite element analysis 
described in Chapter 4 and average values of Young's modulus for the concrete 
(appendix B.2). However, a further assessment of these values could be obtained 
using the principle of superposition. The results of incremental loading of the slabs, 
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both with and without the core removed, would provide the necessary data. 
Comparing the results of these two tests the effect of stress-relief by coring could be 
simulated. 
;.6.1 Incremental loading of slabs IV to VI 
Slabs IV, V and VI were loaded with and without the 75mm core removed, in order 
to simulate the effect of removing the core. In each case the slab was loaded 
incrementally to a maximum of 50 tonnes. 
The results for the demec strain measurements across the hole (table 5.23) were 
compared with the predictions obtained using infinite plate theory and the finite 
element analysis. Average experimental values for the coefficients Al and A2 
(described in appendix A2) are seen to be 0.84 and 0.33 respectively. The values for 
both coefficients are close to the results from the theoretical analyses. However, 
using the experimental values and the strains predicted from the finite element 
analysis, resulted in lower predicted stresses of 3.5N/mm2, 3.6N/mm2, and 
3.5N/mm2 for the three slabs, compared with the 4N/mm2 applied. 
Slab 
IV 
V 
VI 
Al coefficient 
Test Inf. pI. F.E. 
0.81 
0.91 
0.81 
0.96 0.94 
A2 coefficient 
Test Inf. pI. F.E. 
0.35 
0.33 
0.32 
0.35 0.35 
Table 5.23 Coefficients obtained from strains measured across holes 
IV-VI. 
The coefficients obtained from the strains released on the 64mm VW gauges (table 
5.24) showed a similar pattern to that determined from the demec gauges. Slightly 
lower stresses of 3.5N/mm2, 3.8N/mm2 and 4.2N/mm2 were predicted compared to 
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the theoretically applied value of 4Njmm2 used in the f.e. analysis. In particular, the 
increased value of A2 reduced the predicted stress in the applied load direction. 
However, it was considered that the results were sufficiently close for the f.e. 
coefficients to be used. The average experimental values for B 1 and B2 (described 
in appendix A3) were found to be approximately -3.34 and -1.51 respectively. 
Slab B 1 coefficient B2 coefficient 
Test Inf. pI. F.E. Test Inf. pI. F.E. 
----------------------------------------------------------------------------------------------
IV -3.06 -3.29 -3.39 -1.52 -1.20 -1.24 
V 
VI 
-3.32 
-3.65 
-1.52 
-1.50 
Table 5.24 Coefficients obtained from strains measured on 64mm VW gauges IV-VI 
The experimentally determined values of the coefficients, for both the demec 
readings across the hole and the VW gauges around the 75mm core, were close to 
the finite element results. However, it appeared that the size of the slabs had a 
greater effect on the released strains than was predicted by the analysis. In 
particular, the results suggested that the transverse strains released, both across the 
hole and on the VW arrays, were larger than predicted by either theory . 
. 6.2 Incremental loading of slabs VII to IX 
Slabs VII, VIII and IX were loaded incrementally in order to determine the effect 
of stress-relief caused by coring a 150mm core. The slabs were loaded vertically in 
increments to a load of 50 tonnes and then a further 100 tonnes was applied 
horizontally to produce a biaxial effect. 
The measurements taken on the demec gauges across the hole resulted in estimates 
for the coefficients which were approximately the same for both the uniaxial and 
biaxial loading cycles (table 5.25). The average values of the coefficients Al and A2 
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are approximately 0.79 and 0.37 respectively, disregarding the outlying result 
obtained from the biaxial test on slab VIII. These results suggested that the 
measurements in both the longitudinal and transverse directions would be larger 
than predicted. Thus, the stresses predicted, using these coefficients and the strains 
obtained from the f.e. analysis, were seen to be less than the theoretical value. 
However, the predicted stresses for the oldest slab IX were close to that expected 
and it was therefore considered that the f.e. results could be used. Comparisons with 
the results for the 75mm hole, indicate very similar results although there is an 
increase in the predicted principal strains in this case because of the increased size 
of the hole. 
Slab Test Al coefficient A2 coefficient Stresses 
type Test Inf. pI. F.E. Test Inf.pI. F.E. Predicted 
-------------------------------------------------------------------------------------------------------
VII Uni 0.75 0.96 0.94 0.32 0.35 0.35 3.1 0.2 
Bi 0.76 0.32 3.2 0.2 
VIII Uni 0.73 0.32 3.3 0.3 
Bi 1.74 0.01 9.4 -3.5 
IX Uni 0.86 0.47 3.8 0.8 
Bi 0.84 0.41 3.8 0.5 
Table 5.25 Coefficients obtained from strains measured across holes VII-IX. 
The coefficients predicted from the 140mm VW gauges (table 5.26) for the uniaxial 
and biaxial tests appeared to vary. In addition, there was no apparent distinction 
between the two loading regimes. The wide variations in the predicted values for 
the coefficients may have been caused by edge effects. The larger VW gauges were 
more likely to be affected by this phenomenon, particularly as there was 
considerable difficulty in ensuring that the edge conditions were the same for each 
slab. The most consistent results gave average values for the factors of -3.57 and 
-1.86, for Bland B2 respectively. Using these prediction values produced 
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enhanced transverse strains, which were compatible with the results from the coring 
tests. The predicted principal stresses obtained using the strains predicted by the f.e. 
analysis were thus 4.3N/mm2 and 1.0N/mm2. 
Slab Test B 1 coefficient B2 coefficient Stresses 
type Test Inf. pI. F.E. Test Inf. pI. F.E. Predicted 
--------------------------------------------------------------------------------------------------------
VII Uni -4.37 -2.90 -3.05 -2.18 -1.00 -1.00 5.9 0.0 
Bi -3.07 
-1.23 3.9 0.3 
VIII Uni -3.39 -1.60 4.6 0.8 
Bi -1.67 -0.65 2.4 0.2 
IX Uni -5.71 -3.80 7.3 3.2 
Bi -3.21 -1.68 4.4 1.0 
--------------------------------------------------------------------------------------------------------
Table 5.26 Coefficients obtained from strains measured on 140mm VW gauges 
VII-IX. 
Unlike the results from the 140mm VW strain gauge tests the 64mm gauges 
produced consistent results for both the uniaxial and biaxial load tests (table 5.27). 
This tended to confirm the view that the larger gauges had been affected by edge 
effects. The predicted coefficients, for the smaller gauges, indicated that both the 
longitudinal and transverse strains released would be greater than those predicted 
by theory and hence, for a given strain release pattern, the estimated stresses would 
be smaller. Thus, using the strains predicted by the f.e. analysis for an applied load 
of 4N/mm2 and the experimentally determined coefficients, stresses were predicted 
(table 5.27). These predicted stresses indicated a considerable difference between 
the experimental and theoretical results. It was therefore concluded that the use of 
the 64mm VW strain gauges around a 150mm core was not suitable for this method 
of stress determination, as it would be necessary to obtain experimental values for 
the coefficients in each test case. The average values for the coefficients obtained 
were -1.54 and -0.70 for Bl and B2 respectively. 
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Slab Test B 1 coefficient B2 coefficient Stresses 
type Test Inf.pI. Test I nf.p I. Predicted 
------------------------------------------------------------------------------------------------------
VII Uni -1.73 -2.35 -0.74 -0.79 2.8 0.3 
Bi -1.77 -0.80 2.9 0.4 
VIII Uni -1.56 -0.82 2.7 0.6 
Bi -1.29 -0.64 2.3 0.4 
IX Uni -1.32 -0.58 2.4 0.3 
Bi -1.57 -0.64 2.9 0.2 
------------------------------------------------------------------------------------------------------
Table 5.27 Coefficients obtained from strains measured on 64mm VW gauges 
VII-IX. 
Variations in the predicted coefficients could have been caused by the assumption 
of incorrect values for Young's modulus of the concrete and the distorted shape of 
the hole due to coring under load. However, the results of these incremental 
loading tests tended to confirm that the finite element coefficients could be used 
for assessing the applied stresses, using the strain measurements obtained from all 
the gauging arrangements except for the 64mm VW gauges around the 150mm hole. 
5.7 Predicted stresses 
In order to interpret the strain patterns released after coring the preliminary series 
of slabs, an average value of Young's modulus was obtained from the loading of the 
slabs and prism. Maximum values for the modulus were obtained from the results of 
incremental loading on the midspan demecs and those around the core. Minimum 
values were obtained from the VW strain gauge rosettes and the prism tests 
(appendix B.2). In addition, Mehrkar-Asl [5] carried out jacking tests in the holes 
left after coring, in order to determine the in-plane value of Young's modulus for 
the slab. 
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.7.1 Preliminary slabs 
Any reler.se of locked-in stresses due to differential shrinkage or the expansion 
caused by water and heat should affect the concrete in a uniform manner. Thus the 
difference between the maximum and minimum predicted stresses should be 
equivalent to the level of the applied stresses. In this case the coefficients 
determined from the finite element analysis have been used. 
Investigation of the stresses derived from the cores taken from these slabs, indicated 
that the average result showed a good degree of consistency (table 5.28). However, 
the values were less than expected. The discrepancies between the predicted and 
applied stresses are possibly caused by a difference in the loading and unloading 
value of Young's modulus for the concrete. If this is true then, considering the 
initial stresses released, the effective unloading values for Young's modulus of these 
slabs are 48.5, 45.5 and 46.2 kN/mm2. These values relate to underestimates in the 
applied stresses of 20%, 27% and 18%. 
App stress 
Slab E N/mm2 
kN/mm2 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
---------------------------------------------------------------------------------------------------------
1 38.8 
2 33.4 
3 37.5 
4.19 Max 2.82 2.00 2.39 
-0.50 Min -0.53 -1.08 
Difference 3.35 3.08 2.89 
4.94 Max 4.18 3.46 3.14 5.08 
Min 0.64 -0.10 -0.18 1.20 
---------------------------------------------------------------------------
Difference 3.54 3.56 3.32 3.88 
---------------------------------------------------------------------------
4.96 Max 3.09 3.29 4.16 5.16 
Min -1.00 -0.54 -0.01 0.93 
Difference 4.09 3.84 4.15 4.23 
Table 5.28 Stresses deduced from strains released on cores 1-3. 
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In order to compare the estimates for the applied stresses, determined from the 
measured strains across the holes taken through the different sized slabs, the 
coefficients used had to be those obtained from the finite element analysis (table 
5.29). Once again, as with the core results, the differences between the maximum 
and minimum principal stresses were fairly consistent. There appeared to be some 
discrepancy between the estimated and applied loads. This was most probably 
caused by differences in the effective values for the elastic modulus for the concrete 
around the hole. However, in each case the predicted in situ stresses were within + /-
0.5N/mm2 of those applied the day after coring. 
App stre~s 
Slab E N/mm 
kN/mm2 
1 38.8 4.19 Max 
Min 
Difference 
2 33.4 4.94 Max 
Min 
Predicted stresses N /mm2 
Cored 1-2hrs 3-4hrs 
2.68 2.87 
-1.11 -0.97 
3.79 3.84 
3.09 3.21 3.11 
-2.22 -2.26 -2.29 
Next 
day 
4.21 
-0.01 
4.21 
4.84 
-1.40 
---------------------------------------------------------------------------
Difference 5.31 5.47 5.40 6.25 
---------------------------------------------------------------------------
3 37.5 4.96 Max 3.09 3.35 3.56 5.40 
Min -1.22 -1.26 -1.15 0.00 
---------------------------------------------------------------------------
Difference 4.32 4.61 4.71 5.39 
---------------------------------------------------------------------------------------------------------
Av core + hole 
2,3 4.95 Max 
Min 
3.36 3.33 3.49 
-0.95 -1.04 -0.91 
5.12 
0.18 
---------------------------------------------------------------------------------------------------------
Table 5.29 Stresses deduced from strains released across holes 1-3. 
Averaging the results obtained from on the core and across the hole, also produced 
estimates of the in situ stresses close to that applied the day after coring. Thus, an 
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equilibrium condition between the predicted and applied stresses was seen to occur 
at that time due to the redistribution of locked-in stresses caused by differential 
shrinkage and the wetting effects due to coring. It was considered that both the 
differences between the maximum and minimum estimated stresses and the average 
between the results obtained for the core and hole should be considered when 
determining the in situ stresses. 
Stresses were determined from the strains released on the 140mm VW gauges 
around the core position using the coefficients obtained from the finite element 
analysis (table 5.30). The stresses obtained from slabs 1 and 3 were close to the 
applied levels, whilst slab 2 produced a higher than expected result. This was in 
keeping with the results from across the hole. In contrast to this, the results from the 
core showed lower values for this particular case in comparison with the other slabs. 
This fact reinforced the idea that an average of the core/hole (or core/VW array) 
should be used. 
App stress 
Slab E N/mm2 
kN/mm2 
Predicted stresses N /mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
1 38.8 
2 33.4 
3 37.5 
4.19 Max 2.25 3.56 2.68 
-1.18 Min -1.88 -0.53 
Difference 4.13 4.09 3.86 
4.94 Max 3.22 4.66 5.17 6.05 
Min -2.86 -1.63 -0.95 -0.15 
---------------------------------------------------------------------------
Difference 6.08 6.29 6.12 6.20 
---------------------------------------------------------------------------
4.96 Max 2.89 4.18 4.99 5.46 
Min -1.56 -1.12 -0.29 -0.40 
---------------------------------------------------------------------------
Difference 4.45 5.30 5.27 5.86 
---------------------------------------------------------------------------------------------------------
Table 5.30 Stresses deduced from strains released at 140mm VW gauges 1-3 
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The results from the 64mm VW strain gauges generally mirrored those from the 
larger gauges, although the predicted stresses were lower (table 5.31). In this case, 
using the differences in the, the predicted stress levels were within 0.6N/mm2 of the 
applied values. 
App streis Predicted stresses N /mm2 
Slab E N/mm Next 
kN/mm2 Cored 1-2hrs 3-4hrs day 
---------------------------------------------------------------------------------------------------------
1 38.8 4.19 Max 2.04 3.89 2.48 
Min 
Difference 
2 33.4 4.94 Max 
Min 
Difference 
3 37.5 4.96 Max 
Min 
Difference 
Av 140mm + 64mm VW gauges 
2,3 4.95 Max 
Min 
-1.51 0.46 
3.55 3.43 
1.49 2.89 3.69 
-3.60 -2.04 -1.33 
5.08 4.93 5.02 
3.31 4.71 5.30 
-1.27 -0.98 -0.30 
4.59 5.69 5.59 
2.73 4.11 4.79 
-2.32 -1.44 -0.97 
-0.73 
3.21 
3.85 
-0.92 
4.76 
5.05 
-0.45 
5.50 
5.10 
-0.48 
Table 5.31 Stresses deduced from strains released at 64mm VW gauges 1-3. 
Averaging the results of the in situ stresses determined using the two sizes of gauge, 
it was seen that the predicted levels were similar to the applied values at between 4-
24 hours after coring was completed. This was similar to the result obtained for the 
demec gauges, although because the VW strain gauges were further from the hole 
these possibly reached a stable condition more quickly. The prediction of the 
stresses, using the strains released on both sets of VW gauges, tended to confirm the 
validity of using the coefficients determined from the F.E. analysis. If the 
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experimentally determined coefficients were used for these gauges the predicted 
stresses would be considerably lower and therefore the standard deviation between 
the predicted and applied stresses would be greater. 
5.7.2 Uniaxially loaded slabs with 150mm core 
The predicted stresses, obtained using the preliminary slabs, were sufficiently close 
to the applied stresses to consider that the F.E. values of the coefficients could 
generally be applied to the test slabs. However, because of the wide variation 
between the predicted and experimentally determined coefficients for the 140mm 
VW gauges, it was decided that the stresses obtained using the experimental values 
should be investigated. 
The core results are not subject to the same modification as the measurements 
taken across the hole and on the external array. However, the preliminary slabs had 
shown that the predicted stresses from the cores could be somewhat lower than 
those applied. This fact was confirmed on slabs I-III where the differences in the 
predicted stresses, after coring, were 18%, 8% and 22% lower than the applied 
values (table 5.32). Adjusting the values of Young's modulus to allow for the 
underestimate, equivalent values of 42.7kN/mm2, 39.6kN/mm2 and 47.3kN/mm2 
should be considered. However, as with the previous tests (section 5.7.1) the 
predicted stresses were comparable with the applied level at between 4-24 hours. 
Redistribution of stresses occurred due to drying after coring and the effects of 
differential shrinkage. From the strain assessment, the differential shrinkage effects 
had been seen to be increased in the major stress direction (section 5.6). 
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App stress 
Slab E Nlmm2 
Predicted stresses N /mm2 
Cored 1-2hrs 3-4hrs kN/!nm2 
Next 
day 
---------------------------------------------------------------------------------------------------------
I 35.4 
II 36.1 
III 38.3 
4.87 Max 
Min 
2.79 3.13 3.02 
-1.20 -1.00 -1.01 
4.97 
1.28 
---------------------------------------------------------------------------
Difference 4.00 4.13 4.03 3.69 
---------------------------------------------------------------------------
4.88 Max 
Min 
2.45 3.03 4.02 
-2.02 -1.57 -0.51 
5.95 
1.65 
---------------------------------------------------------------------------
Difference 4.47 4.60 4.53 4.30 
---------------------------------------------------------------------------
4.88 Max 2.85 3.19 
Min -0.94 -0.79 
Difference 3.79 3.98 
4.03 
0.14 
3.90 
6.18 
2.07 
4.12 
Table 5.32 Stresses deduced from strains released on cores I-III. 
The strain release patterns around the hole also allowed estimates of the stresses to 
be made (table 5.33). As with the core results, the predicted stresses were less than 
those applied during the day of coring. This was particularly true for slab III, for 
which both the core and hole positions produced lower stress predictions. The 
stresses deduced from the other two slabs, I and II, produced close results, within 
0.7N/mm2 of the applied level, the day after coring. Averaging the results of the 
stresses determined on the core and across the hole produced similar results. The 
differences in the predicted stresses were reasonably constant and comparable to 
the applied levels. 
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App stress 
Slab E N/mm2 
kN/mm2 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
------------------------------------------------------------
---------------------------------------------
I 35.4 
II 36.1 
III 37.5 
Av core + hole 
I, II, III 
4.87 Max 
Min 
2.59 2.35 2.63 
-2.00 -2.30 -2.02 
5.48 
0.10 
---------------------------------------------------------------------------
Difference 4.59 4.66 4.64 5.38 
---------------------------------------------------------------------------
4.88 Max 
Min 
Difference 
4.88 Max 
Min 
Difference 
4.88 Max 
Min 
3.37 3.57 4.15 
-1.20 -1.15 -0.73 
4.57 4.72 4.88 
2.64 3.08 3.24 
-1.34 -1.03 -0.99 
3.98 4.11 4.23 
2.78 3.06 3.52 
-1.45 -1.31 -0.85 
5.84 
0.29 
5.56 
4.29 
-0.43 
4.72 
5.45 
0.83 
Table 5.33 Stresses deduced from strains released across holes I-III. 
The strains released on the 140mm VW arrays were evaluated considering the 
coefficients determined from the experimental results (table 5.34). The resulting 
stress predictions were very close to those deduced from the other gauge positions. 
Slabs I and II produced estimates for the stresses within 0.8N/mm2 of the applied 
levels within the day of coring, whilst the results from slab III were considerably 
lower. However, all of the slabs indicated that the predicted stresses would be 
similar to the applied levels shortly after the 4 hour reading. As with all the gauge 
predictions, the differences between the major and minor stresses produced values 
which remained fairly constant over the period of the test. 
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App stre1s Slab E N/mm 
kN/mm2 
Predicted stresses N /mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
---------------------------------------------------------------------------------------------------------
I 35.4 
II 36.1 
III 38.3 
4.87 Max 3.51 4.61 4.83 5.38 
Min -1.68 -0.89 -1.25 0.01 
---------------------------------------------------------------------------
Difference 5.19 5.50 6.08 5.37 
---------------------------------------------------------------------------
4.88 Max 3.35 3.75 4.03 5.37 
0.48 Min -1.49 -1.01 -0.86 
---------------------------------------------------------------------------
Difference 4.84 4.76 4.89 4.89 
---------------------------------------------------------------------------
4.88 Max 2.42 3.08 4.11 5.30 
Min -1.78 -1.47 -0.50 0.31 
Difference 4.20 4.55 4.61 4.99 
Av 140mm VW gauges 
I, II, III 4.88 Max 
Min 
3.09 3.81 4.32 
-1.65 -1.12 -0.87 
5.35 
0.27 
Table 5.34 Stresses deduced from strains released at 140mm VW gauges I-III 
5.7.3 Uniaxially loaded slabs with 75mm core 
The stresses predicted, using the strains released across slabs IV-VI, indicated large 
apparent tensile values due to the release of differential locked-in stresses, which 
appeared to be accentuated for the 75mm core. However, it was still apparent that 
the differences in the principal stresses predicted were equivalent to the difference 
in the applied loading (table 5.35). The results from slab VI differed from those 
previously tested, as the predicted stresses were greater than the applied values. 
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App stre~s 
Slab E N/mm 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs 
Next 
day kN/mm2 
---------------------------------------------------------------------------------------------------------
IV 36.1 
V 32.6 
VI 36.2 
4.91 Max 
Min 
0.22 0.42 2.13 
-3.86 -3.17 -1.55 
7.79 
2.46 
---------------------------------------------------------------------------
Difference 4.09 3.59 3.67 4.05 
---------------------------------------------------------------------------
4.90 Max 
Min 
-2.88 -2.66 -1.99 
-5.90 -5.64 -4.97 
2.54 
0.42 
---------------------------------------------------------------------------
Difference 3.02 2.98 2.98 2.71 
---------------------------------------------------------------------------
4.91 Max 
Min 
0.72 1.84 2.67 
-5.17 -4.70 -4.05 
7.16 
0.89 
---------------------------------------------------------------------------
Difference 5.90 6.54 6.73 6.27 
---------------------------------------------------------------------------------------------------------
Table 5.35 Stresses deduced from strains released on cores IV-VI. 
Investigation of the results obtained for the differences in the maxImum and 
minimum stress predictions from the strain measurements made across the hole 
(table 5.36), indicated that these values and the estimates from the core gave better 
results. Thus, predictions of stress differences of 4.84N/mm2, 3.55N/mm2 and 
4.87N/mm2 were obtained for the three slabs. It was noticeable that slab V resulted 
in a lower stress prediction. However, this slab had an estimated value for Young's 
modulus some 3.5kN/mm2 Iower than the other slabs. A similar level of modulus 
would have resulted in an estimated stress difference of 3.9N/mm2. As with the 
previous slabs, using an average of the predicted stresses obtained from the strains 
released both on the core and across the hole the applied level was predicted to 
within 0.5N /mm2 the day after coring. 
126 
App stress 
Slab E Njmm2 Predicted stresses Njmm
2 
Cored 1-2hrs 3-4hrs kNjmm2 Next day 
---------------------------------------------------------------------------------------------------------
IV 36.1 
V 32.6 
VI 36.2 
Av core + hole 
IV, V, VI 
4.91 Max 
Min 
1.08 1.20 2.07 
-4.51 -4.30 -3.51 
6.48 
3.07 
---------------------------------------------------------------------------
Difference 5.59 5.49 5.57 6.66 
---------------------------------------------------------------------------
4.90 Max 
-3.36 -3.16 -3.03 
-0.06 
Min 
-7.44 -7.44 -7.32 
-4.99 
---------------------------------------------------------------------------
Difference 4.08 4.28 4.29 4.92 
---------------------------------------------------------------------------
4.91 Max 
Min 
-0.77 -0.54 -0.42 
-4.61 -4.68 -4.58 
3.00 
-1.89 
---------------------------------------------------------------------------
Difference 
4.90 Max 
Min 
3.84 4.14 4.16 
-0.83 -0.47 0.24 
-5.25 -4.99 -4.33 
4.89 
4.49 
-0.01 
Table 5.36 Stresses deduced from strains released across holes IV-VI. 
The difference in the stresses, predicted from the VW strain gauge measurements 
(table 5.37), compared very well with those obtained from the other gauging 
positions. The results from slab V produced lower values than those from the other 
slabs. Stress predictions using the method of differences for the other slabs were 
close to the applied levels. It was noticeable that, as with the other gauge positions, 
the effects of differential shrinkage and wetting of the concrete far outweighed 
that of the stress-relief. This resulted in unusual releases of stress. 
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App stress 
Slab E N/mm2 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs kN/mm2 
Next 
day 
---------------------------------------------------------------------------------------------------------
IV 36.1 
V 32.6 
VI 36.2 
4.91 Max 
Min 
-0.89 -0.49 -0.31 
-5.39 -4.90 -4.71 
4.63 
0.04 
---------------------------------------------------------------------------
Difference 4.50 4.41 4.40 4.59 
---------------------------------------------------------------------------
4.90 Max -2.41 -2.90 -2.58 
-0.44 
Min 
-6.31 -6.66 -6.27 
-4.20 
---------------------------------------------------------------------------
Difference 3.90 3.76 3.69 3.76 
---------------------------------------------------------------------------
4.91 Max 0.51 -0.43 -1.00 
-0.95 
Min -4.44 -5.05 -5.56 
-5.39 
---------------------------------------------------------------------------
Difference 4.95 4.62 4.56 4.44 
---------------------------------------------------------------------------------------------------------
Table 5.37 Stresses deduced from strains released at 64mm VW gauges IV-VI. 
5.7.4 Biaxially loaded slabs with 150mm core 
The stresses determined from the strains released on the cores of slabs VII to IX, 
showed encouraging results (table 5.38). The older slabs produced values within 
0.3N/mm2 of the difference in the applied biaxial loading. The strains released after 
coring slab VII resulted in a lower stress assessment, however it is possible that this 
was due to an underestimate of the effective Young's modulus. The moduli required 
to increase the stress assessments to the levels applied were 43.5kN/mm2, 
41.7kN/mm2 and 41.8kN/mm2 for the three slabs. 
The principal stress differences determined from the strain measurements across 
the holes of slabs VII-IX (table 5.39), were very similar to those obtained from the 
core results (table 5.38). The predicted stresses for slabs VIII and IX were within 
0.2N/mm2 of the applied levels. In both the case of the core measurements and the 
hole results the absolute values of the principal stresses differed from the applied 
levels by some 1-2N/mm2 between 2-4 hours after coring. The average results 
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obtained from the core and across the hole were within 1N/mm2 at 3 hours after 
conng. 
App stress 
Slab E N/mm2 
kN/mm2 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
---------------------------------------------------------------------------------------------------------
VII 34.8 
VIII 38.5 
IX 39.1 
9.84 Max 7.52 10.41 
4.90 Min 3.57 6.40 
9.94 
6.29 
11.83 
7.82 
---------------------------------------------------------------------------
Difference 3.95 4.01 3.65 4.01 
---------------------------------------------------------------------------
9.84 Max 
4.92 Min 
Difference 
9.81 Max 
4.90 Min 
Difference 
8.56 
4.02 
4.54 
7.32 
2.73 
4.59 
9.16 9.91 
4.69 5.36 
4.47 4.56 
8.53 10.69 
3.60 5.74 
4.93 4.95 
13.70 
9.13 
4.57 
13.46 
8.85 
4.61 
Table 5.38 Stresses deduced from strains released on cores VII-IX. 
The absolute stress levels predicted from the strain measurements using the VW 
gauges (table 5.40) were some 2-3N/mm2 above the levels of the applied stresses. 
These values were in contrast to those obtained from the core and hole. Thus, an 
average of the principal strains released on the core, hole and VW strain gauges at 
1-2hrs after coring resulted in estimates for the major applied stresses of 9.3N/mm2, 
9.4N/mm2 and 9.4N/mm2. 
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App stress 
Slab E N/mm2 
kN/mm2 
Predicted stresses N /mm2 
Cored 1-2hrs 3-4hrs 
Next 
day 
---------------------------------------------------------------------------------------------------------
VII 34.8 
VIII 38.5 
IX 39.1 
Av core + hole 
9.84 Max 
4.90 Min 
7.22 7.51 7.83 
2.98 3.02 3.18 
8.17 
2.42 
---------------------------------------------------------------------------
Difference 4.24 4.49 4.65 5.75 
---------------------------------------------------------------------------
9.84 Max 
4.92 Min 
8.03 8.37 8.30 
3.17 3.29 3.06 
8.58 
2.50 
---------------------------------------------------------------------------
Difference 4.86 5.08 5.24 6.08 
---------------------------------------------------------------------------
9.81 Max 
4.90 Min 
Difference 
7.68 7.77 7.73 
2.93 2.81 2.26 
4.75 4.96 5.47 
8.59 
2.19 
6.40 
VII, VIII, IX 9.83 Max 
4.91 Min 
7.72 8.63 9.07 
3.23 3.97 4.32 
10.72 
5.49 
Table 5.39 Stresses deduced from strains released across holes VII-IX 
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App stress 
Slab E N/mm2 
Predicted stresses N/mm2 
Cored 1-2hrs 3-4hrs kN/mm2 
Next 
day 
---------------------------------------------------------------------------------------------------------
VII 34.8 
VIII 38.5 
IX 39.1 
9.84 Max 8.77 
2.98 
9.99 12.15 13.34 
7.46 4.90 Min 4.15 6.23 
---------------------------------------------------------------------------
Difference 5.79 5.84 5.92 5.88 
---------------------------------------------------------------------------
9.84 Max 8.42 10.64 12.44 13.65 
4.92 Min 2.03 3.89 5.44 6.74 
---------------------------------------------------------------------------
Difference 6.39 6.75 7.00 6.91 
---------------------------------------------------------------------------
9.81 Max 10.40 11.89 12.96 15.54 
4.90 Min 4.42 5.82 6.96 9.58 
---------------------------------------------------------------------------
Difference 5.99 6.08 6.05 5.96 
---------------------------------------------------------------------------------------------------------
Table 5.40 Stresses deduced from strains released at 140mm VW gauges VII-IX 
5.8 Conclusions 
The use of arrangements of demec and vibrating wire strain gauges provides a 
suitable method for the evaluation of the effects of both the locked-in and applied 
stresses within a structure. However, it is seen that the interpretation of the results 
can be a complex matter. Knowledge of the likely behaviour of the structure under 
consideration is necessary in order to be able to use this method in a quantitative 
way. 
A good degree of consistency was noted for all the gauging arrangements. However, 
a thorough investigation of the resultant measurements must be undertaken in 
order to ensure that no spurious results are considered. It was seen that the size of 
the slab had a considerable bearing on the effective strains measured by all the 
gauges. In determining the in situ stresses obtained from stress-relief measurements 
it is therefore necessary to consider the effect of the depth of section from which the 
core is being removed. Generally, the prediction of stresses from measured strains 
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could be carried out uSIng the coefficients determined using a finite element 
analysis applicable to the size of test specimen. However, this did not appear to be 
true for the 64mm VW strain gauges which produced considerably different results 
compared to those predicted. This was due in part to the small strain changes at this 
position whicl: made the results less sensitive. 
Average values for Young's modulus were taken in determining the stresses 
released on these test slabs. However, a wide variation in the predicted values for 
Young's modulus was seen to exist, even when using the results obtained from the 
two sizes of VW gauge. As this constant is important in the accurate determination 
of in situ stresses it may be necessary to consider a range of values. Even in this case 
where a number of cross-checks were possible, it was seen that the in situ results 
obtained from the gauging of the slabs were generally higher than those obtained 
from the prism tests. However, an in-plane elastic modulus test, carried out on the 
cores removed from slabs I to III [5], indicated results close to the values obtained 
from the prisms rather than those obtained in situ. It was concluded that the 
modulus of the structure as a whole may not be the same as that of a removed 
portion and the unloading modulus may be different to the loading modulus. It was 
not possible to discern a particular pattern from these compressive tests, although it 
was generally considered that the modulus for unloading was greater than for 
loading. 
It was noticeable that the 75mm cores were affected to a greater extent by the 
effects of differential shrinkage and wetting than the larger 150mm cores. Despite 
the fact that differential shrinkage strains affected the results obtained from all the 
test slabs, there was a reasonably good degree of consistency between the predicted 
and applied stresses using the stress-relief technique. This was particularly the case 
when averages of the results from on the core and across the hole are considered. 
Using a method of differences, it was generally seen that the older the slab the 
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closer the predicted stress differences to those applied. This fact tended to reinforce 
the idea that the release of locked in differential shrinkage strains was enhanced in 
the major stress direction, resulting in a smaller stress difference than expected. 
Thus, the predicted stresses were less for the younger slabs. In addition it was noted 
that, as the slabs aged, the time taken for redistribution of locked in stresses to 
occur reduced considerably and complete release occurred within a short time after 
coring for the older slabs. Thus it was concluded that the determination of stresses 
in more mature concrete should take place within 1-2hours after coring. 
The coefficients determined from the F.E. analysis and the experimental data have 
been shown to produce stress predictions within 0.5N/mm2 for the various gauge 
positions on the older slabs. In a full-scale structure the edge effects, caused by the 
small size of the slabs, should be eliminated. Thus it was considered that the 
theoretical values obtained using infinite plate theory should be used where the 
structure models this situation. In other cases, where the section under investigation 
is narrow, the coefficients for the VW gauges should be modified according to the 
boundary conditions. 
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CHAPTER 6 
DIRECT MEASUREMENT OF LEVELS OF PRESTRESS 
6.1 Introduction 
The precise determination of prestress losses is a complicated matter because of the 
interdependence of the phenomena which cause them. Errors in computing the 
losses can affect serviceability conditions such as camber, deflection and cracking. It 
has been suggested [14] that the ultimate strength of a flexural member will not be 
affected unless the tendons are unbonded or the final stress is less than half the 
ultimate strength of the tendons. The direct and indirect methods, for determining 
the levels of remaining prestress, provide useful feedback to the design engineer on 
the likely levels of loss which can occur. The information gathered by taking direct 
measurements of prestress levels in existing structures allows judgement of the 
effects on similar structures to be based on experience as well as theory. 
In the case of segmental forms of construction, increased losses may lead to opening 
of the joints under dead load conditions. In such a case poor grouting can 
exacerbate the problem and allow an inroad for water and de-icing salts to attack 
the cables and start corrosion of the steel. The loss in section over such a local area 
at the joint could mean that the structural integrity is apparently maintained, with 
no evidence of cracking or increased deflections, until failure suddenly occurs. 
The use of a direct measurement technique for determining prestress levels requires 
the exposing and severing of prestressing strands. As such it can only be considered 
as a destructive technique. However, the cutting of a cable provides a great deal of 
useful information in terms of stress assessment and the effects that cutting has on 
the remaining structure. 
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Loss of prestress can occur not only because of the interdependent phenomena 
mentioned in chapter 2, but also because of corrosion or breaking of the strands. 
The effects of local damage to a cable may not be serious if the distance over which 
the cable slips can be contained and full prestress is re-established within I-2m of 
the break point. By simulating the effects of broken cables and monitoring the 
effects of cutting, it is possible to draw conclusions as to the likely reaction of a 
similar structure to a broken or corroded cable. However, it is not possible to 
determine the long-term influence of dynamic loading on a structure, which could 
result in progressive slipping of a broken cable further along the duct. 
6.2 Direct measurement of prestress 
The direct measurement technique has been developed which reqUIres strain 
readings to be taken directly from short lengths of exposed strand. A 50mm gauge 
length was used in order to minimise the amount of cable that requires exposing 
and to limit the damage to the member. Readings were taken prior to and after 
cutting the steel, so that a "zero strain" reading could be established and the 
magnitude of the prestress losses can be estimated. 
It is commonly the case that prestressing tendons consist of wires helically bound 
into strands. When such cables are severed an unwinding action occurs which can 
cause an underestimate of the residual prestress, due to straightening of the 
strands. Although the grout and the presence of other cables help to dampen the 
release of stress, the violence of the effect can cause the gauges to be dislodged. 
Thus, the strands were normally bound by jubilee or bulldog clips. These clips were 
also used as an additional means of gauging the strands. 
Hruska [115] and Hobbs and Raoof [116, 117], among others, have shown that the 
effective modulus of a group of wires bound helically to form a strand will be less 
than that of the steel itself. This phenomena is largely caused by the inter-wire 
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friction which is dependent on the lay angle and the number of wires in the strand. 
Tests carried out on a 15mm/7 wire strand provided results of 175kN/mm2 and this 
was in keeping with the value of 173kN /mm2 quoted for the modulus of the 19 wire 
strands used in the Taf Fawr Bridge (appendix C6). However, a cyclic loading 
regime is required in order to generate what is known as the "full slip" situation, in 
which these lower values for Young's modulus are recorded. The stiffness of the 
strand reduces as the magnitude of the load cycle is increased and the modulus 
varies between a "no-slip" and "full-slip" value. As the loading regimes for the 
prestressing strands in the structures tested were unknown, a range of values 
between 175-200kN /mm2 were considered. It was recognised that the effective value 
was likely to be closer to 200kN /mm2 as, once the strand was in position, any cyclic 
loading would be extremely small compared to the initial stress level. In the cases 
where a straight wire was used, a value of 200kN /mm2 was taken for Young's 
modulus. 
The direct measurement technique for determining the residual levels of 
prestress must be considered as the most reliable method as it is not influenced by 
other external factors. The total strain measured includes the prestrain and the 
bending strains produced by the applied loading. Unfortunately the technique 
suffers from the disadvantage of isolated readings taken from just a few individual 
strands. 
6.3 Case studies 
A number of structures (appendix C) have been instrumented to determine the 
remaining levels of stress and hence the prestress losses. In each case the estimates 
for residual prestress have been determined and the results have been compared 
to the original design values. In several instances other techniques were used to 
supplement the information obtained from the direct measurements. Demolition of 
a structure can often provide a means of determining the residual levels of 
136 
prestress. The load case produced by the cutting of a cable can be related to the 
levels of stress in the structure. Additionally, it is sometimes possible to apply a 
large external load to a structure and to measure the response. In either case the 
reaction of the structure can be determined in terms of measured deflections or 
strains. The results obtained relate to the global effect on the structure. These 
techniques can only be used when a structure is being demolished or if there are 
facilities available to apply a large external force. However, when it is possible to 
use these methods they do provide useful cross-checks on the results obtained 
from the direct technique . 
. 3.1 Basingstoke bridge beams 
The donation by Hampshire County Council of four 28m long bridge beams 
(appendix C1) provided an ideal opportunity to carry out an extensive study of the 
levels of prestress remaining in post-tensioned beams [118]. In order to interpret the 
results obtained for the assessment of in situ stresses, compression tests were 
carried out on cores removed from the webs of the beams in order to determine the 
Young's modulus for the concrete. The concrete appeared to contain a 20mm 
natural gravel aggregate although it soon became apparent, during coring, that the 
mix varied widely from one position to the next. The variations in the strength of 
the concrete were confirmed by the compression tests which showed that values for 
the Young's modulus ranged between 29-41kN/mm2. However, an average value of 
33kN/mm2 was taken for analysis purposes. 
Complete release of stress in the beams during progressive cutting of the cables 
produced consistent results for the estimated prestress losses (table 6.1). These 
values showed quite distinctly the order of stressing as the effect of elastic 
deformation of the concrete caused the central cable, the first to be stressed, to 
have the highest loss of prestress. The results indicated that the average losses were 
likely to be in the range of 36-44% rather than the 22.5% allowed for in the design. 
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Beam 
East 
% 
Cable location 
West Central 
% % 
Av. prestress 
losses 
% 
--------------------------------------------------------------------------------------------------
1 
2 
3 
4 
29 
27 
37 
30 
38 
36 
45 
39 
40 
32 
28 
42 
48 
41 
37 
49 
44 
39 
43 
42 
51 
47 
50 
49 
38 
33 
36 
38 
46 
41 
44 
46 
--------------------------------------------------------------------------------------------------
Table 6.1 Prestress losses obtained using direct method, Basingstoke 
During demolition of the beams, it was possible to use the cutting of the side cables 
for two types of deflection load test. The first method involved the use of surface 
mounted vibrating wire (VW) strain gauges at 2m from the first cuts at midspan. 
On cutting both side cables the concrete strains released were related to the stress 
in the cables. It was considered that a combination of an increase in the strain in 
the central cable and variations in the length over which effective prestress was lost 
would result in an incomplete release of strain at the gauging position. However, 
longitudinal cracking along the line of the duct indicated that loss of effective 
prestress had generally occurred over a distance of up to 3m from the cut point. 
Thus, there was a wide variation in the apparent prestress forces which produced 
figures for the losses of between 37-61 %. 
Precise levelling techniques were used to measure the vertical deflections 
produced during the release of the side cables. A traditional deflection 
equation analysis was adopted, ignoring the local variations in the second 
moment of area caused by breaking out the bottom flange. The reduction in the 
area of the bottom flange led to enhanced deflections and hence a high prestress 
force was deduced, corresponding to a lower bound figure for the losses of 25 %. 
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.3.2 Ramsden Secondary School, Orpington 
Demolition of the 25 year old School roof structure (appendix C2) provided an 
opportunity to take direct measurements of prestress levels on two different types of 
post-tensioned segmental structure [118, 119]. The tendons were constructed from 
four straight wires which made instrumentation particularly easy. In situ 
measurements of the prestress levels remaining in the Intergrid roof system were 
hampered by the method of demolition. However, results of 33% and 49% were 
obtained from the primary beams whilst readings from a secondary beam suggested 
losses of 34%. These results are more than twice that initially predicted. 
An end section removed to the laboratory was instrumented so that measurements 
could be obtained on the same wire on opposite sides of the web. The method of 
construction meant that the wires were turned through a tight 1800 turn where high 
friction losses would occur. The effect of friction was apparent in the measurements 
taken, as losses of 38% and 50% were obtained for the same wire on either side of 
the web. These values were in keeping with those obtained on site and indicated 
that effective prestress had been maintained in the removed section. 
The instrumentation of the hall roof beam in the laboratory was carried out so that 
initial measurements could be taken at either end. This procedure was adopted so 
that there was no reduction of prestress due to slipping of the wires. The results 
obtained (table 6.2) from these measurements indicated that the two sets of four 
wires at the front were stressed from the opposite end to the two sets at the back. 
Thus for the front strands there was an overall loss of 36% at one end, increasing to 
54% at the other. The back strands had losses of 42% increasing to 63%. The 
increased losses occurred at the live anchorage end and so were possibly due to 
excessive slip and friction on stressing. 
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The order of cutting the wires was to start at a position 9.11m along the beam and 
then progress to the 2.95m, 4.73m, 6.28m, and 7.29m positions. Where the cut 
positions were appr oached in turn, the reduction in stress due to cutting at the 
previous point was observed. It was noticeable that the front cable suffered 
considerably less slip of the wires than the back. Unfortunately the datum 
measurements at all the other cut points were carried out after the initial severing 
of the wires at the 9.11m point. This had a considerable effect on the apparent 
release at 7.29m where it was evident that the majority of prestress had been lost in 
the back cable prior to the datum reading. 
Dist (cut no.) 2.95(2) 
Loss of prestress (%) 
4.73(3) 6.28( 4) 7.29(5) 9.11(1) 
------------------------------------------------------------------------------------
Cable 
Front A 14 42 49 
B 36 42 45 46 54 
Back A NT 45 77 
B 63 73 77 94 42 
------------------------------------------------------------------------------------
o cutting sequence NT - not taken 
A = loss of stress due to cutting at previous positions. 
B = total % prestress losses. 
Table 6.2 Prestress losses obtained using direct method, Orpington . 
. 3.3 British Rail lighting gantries, Willesden 
The two precast, post-tensioned columns tested at Willesden (appendix C3) 
provided results on the earliest form of prestressed structure tested. The 33 year old 
structure produced prestress loss results of 72% and 34% for columns 1 and 2 
respectively. However, the violence of the release, caused by slipping of the cables 
in the poorly grouted ducts, destroyed many of the gauging positions and insufficient 
readings were taken on column 2 for a reliable estimate to be obtained. It was 
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observed that there was a considerable degree of scatter in the results obtained 
among the readings taken from individual wires in the same strand. This variation 
was probably due to the anchorage system which held the individual wires 
separately, allowing the degree of slip to vary on each wire. 
In this case supplementary instrumentation proved invaluable. On cutting the wires 
at the top of the columns, large clouds of dust could be seen issuing from the 
exposed position at the base. This confirmed the view that complete slip of the wires 
had probably occurred and that there was no effective prestress left. The VW strain 
gauges attached to the outside of the columns were used to obtain an estimate of 
the prestress levels based on the concrete strain released on cutting the cables. As 
total slip of the wires occurred, the results from the strain gauges could be 
compared with the values obtained from the direct measurements. The results from 
the strains released showed consistent overall losses of prestress similar to the 
results from column 1 (table 6.3). 
Measured losses % 
Direct Indirect 
E (kN/mm2) 
Column 40 28 
-------------------------------------------------------------------------------
1 Cable A 
B 
2 Cable A 
B 
72 
34 
67 
85 
73 
74 
77 
89 
81 
82 
-------------------------------------------------------------------------------
Table 6.3 Prestress losses obtained using direct and indirect methods, Willesden 
These results confirmed the VIew that the long-term losses in this case were 
exceptionally high and were of the order of 70-80%. It also seemed likely that the 
overhead segmentally constructed gantries were suffering similar losses. The simply 
supported beams appeared to sag under self-weight loading and large cracks were 
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visible at the midspan joints. In addition, shear cracking was evident around the 
area where the locating dowels were positioned. Two years after this investigation, 
one of the segmental beams collapsed onto a railway coach parked in the sidings. 
The rotation at the ends of the beams, caused by the excessive loss of prestress, had 
finally caused the top of a column to split and produce the collapse. 
5.3.4 Royal Oak Bridge, Abercynon 
The bridge in Abercynon (appendix C4) was a relatively young structure and 
provided a good opportunity to evaluate the effective prestress for a bridge 
designed to the new code BS5400 [119]. The cables were initially overstressed to a 
value of 3305kN per cable, in order to allow for 10mm "pull-in" and 6% jack and 
anchorage friction. Thus the initial stress at the midspan and dead-end anchorage 
reduced to 1180N/mm2 and 1103N/mm2 respectively. 
Use of direct measurements for determining the prestress levels were hampered by 
the large size of the section and the mass of reinforcing steel surrounding the cables. 
However, it was possible to expose and sever two cables, one at midspan and the 
other at one end. As the "zero-strain" measurements were taken it was noticed that 
the strands were still warm to the touch. Due to the time pressures imposed on the 
work it was not possible to allow the strands to cool completely and so a 
temperature increase of 30°C was allowed for. The results of the measurements on 
the wires showed that there was a significant difference in the two cases. The direct 
measurements provided results for prestress losses which varied between 32.2-
40.6% and 52.8-58.7% for the midspan and end section respectively. 
--1" 
As values for friction and wobble coefficients were provided from the site, III 
addition to pull-in values for the two anchorages, it was possible to estimate the 
levels of prestress at the cut positions. The cables were stressed from one end and 
values of 7mm and 2mm were measured for the slip at the live and dead end 
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anchorages. Considering reductions in the prestress level of 9% and 15 % at the 
midspan and end cut positions, the estimate, of prestress loss reduced to 24.5-33.9% 
and 43.8-50.8% respectively . 
. 3.5 "Top hat" bridge beams, Tallington 
The donation of these beams by DowMac Concrete Ltd. provided a valuable 
opportunity to take measurements of prestress levels on a 17 year old pretensioned 
structure [120] (appendix C5). In addition to direct measurements, a two-point 
loading system was available so that a full-scale cracking moment load test could 
be carried out. A pattern of VW surface gauges was positioned within the middle 
third of the beam where cracking was expected to initiate. Two load cycles were 
carried out in increments up to 48 tonnes. The first load cycle was used to 
determine the load at which cracking occurred. Re-Ioading the cracked section 
established the load at which zero tensile stress developed in the bottom fibre at 
midspan. 
The changes in strain gradient for gauges in the tensile region (figure 6.1) illustrated 
that general cracking initially occurred at a load of 40 tonnes. During the second 
load test zero tension occurred in the bottom fibres at 25 tonnes and hence the 
tensile strength of the concrete was estimated to be 5.5 N/mm2. The load/deflection 
profile for the beam indicated an apparent value of 47kN/mm2 for the Young's 
modulus of the structure. Using conventional prestressing theory, the losses were 
found to lie between 25-34% and 27-36%. 
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Figure 6.1 Strains observed from "top hat" beam two-point load test. 
The direct measurements, on exposed cables, produced results in keeping with those 
from the load test. Tension tests carried out on steel specimens had indicated an 
effective Young's modulus for the strand group of approximately 175kN /mm2. 
However, as this value had only been achieved after two load cycles up to 100kN, a 
range of values between 175-200kN /mm2 was taken. The results obtained from 
gauge readings on the wires of a strand in the bottom flange corresponded to a 
release of stress of 728-832N/mm2. As the applied load at jacking was 159kN the 
overall loss in stress was 27.5-36%. Further measurements taken from exposed 
strands in the web of the beam gave lower results of 20-30% losses from the initial 
stress level. The values of total loss measured compared well with the predicted 
value of 31 % . 
. 6 Tar Fawr Bridge, Cern Coed. 
The largest prestressed concrete bridge to be demolished in the United Kingdom to 
1.d.d 
date, provided an ideal opportunity to assess the remaining stress levels in a large 
segmental post-tensioned structure [121, 122] (appendix C6). In this instance the 
bundle of 27 wires which made up the strands was exposed at the joints and 
restrained by heavy duty bull-dog clips. Individual wires were severed with a hack 
saw but the force of the release caused many of the gauging positions to be lost. 
Direct measurements of the residual strain in the prestressing strands were 
taken on strands close to midspan and near to the west pier. Although an effective 
Young's modulus for the strands was given as 173kN /mm2 by the stressing 
contractor a range of values between 173-200kN/mm2 was taken. The cable in the 
top flange close to midspan indicated a range of losses between 37-44% and 50-56% 
for the 200kN/mm2 and 175kN/mm2 elastic modulus values respectively. Those 
measurements taken in an adjacent segment but in the bottom flange indicated 
similar losses of 35-42%. The magnitude of the levels of stress released on cutting 
the bottom slab cable indicated there was no apparent loss of effective prestress 
due to the initial cut some 8m away at midspan. 
Measurements of prestress levels in a cable in the top flange of an outer segment 
produced the highest residual steel strains recorded and suggested losses of only 
26-33%. More measurements were needed in the vicinity of the supports to 
confirm whether the losses were generally lower in this region . 
. 3.7 Comparison of prestress loss estimates. 
Although the direct technique relies on a few measurements on individual wires, it 
must be considered as the most effective method for determining stress levels 
remaining in prestressing cables. Determination of an effective value for Young's 
modulus of the prestressing strands is the most crucial factor and if no test results 
are available it is perhaps necessary to consider a range of values. 
14" 
Analysis of the results for the post-tensioned structures indicated that the original 
design codes produced values for loss of prestress below the site measurements, 
which were of the order of 20-35% or 30-45% depending on the value of Young's 
modulus assumed (table 6.4). In some instances the losses were seen to rise to 50% 
or more. Even in the case of the new bridge code BS5400, the predicted long-
term losses were less than the strain measurements suggested. In the case of the 
multi-strand cables, used for the Basingstoke and Abercynon beams, there was a 
possibility that uneven stressing of the strands had occurred and thus the limited 
measurements taken could only provide a guideline as to the level of losses. 
Location Type of Year of Original Design Direct 
structure design Code losses losses 
% % 
----------------------------------------------------------------------------------------------------------------
E (kN/mm2) 200 175 
----------------------------------------------------------------------------------------------------------------
Basingstoke Post-tensioned 1970 CP115 22.5 33-38 41-46 
bridge beams 
Orpington Post-tensioned 1957 CP115 15 36-66 
roof beam 
Willesden Post -tensioned 1952 Pre CP115 <20 70-80 
precast columns 
Abercynon Post-tensioned 1981 BS5400 25 25-44 34-51 
bridge beams 
Tallington Pretensioned 1968 CP115 31 20-28 30-36 
"top hat" beam 
TafFawr Post-tensioned 1963 CP115 ? 35-50 42-56 
segmental bridge deck 
----------------------------------------------------------------------------------------------------------------
Table 6.4 Comparison of direct measurement of losses and design values 
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An obvious exception to the discrepancies noted above was for the case of the 
pre tensioned "top hat" beam where the closest correlation between the predicted 
and measured prestrain values was observed. 
604 Comparison of International Codes and Recommendations 
The majority of prestressed concrete structures in this country have been designed 
to CP115, which has been found to underestimate prestress losses. It is relevant, for 
future design, to consider the prestress losses that would be predicted by modern 
codes for two of the structures tested. The design study considered both post-
tensioned and pretensioned structures, using the Basingstoke beams and the 
Tallington "top hat" beam as examples of each (appendix D). 
04.1 Post-tensioned concrete structures - the Basingstoke beams 
The Basingstoke beams were donated by Hampshire C.C., who provided a full set 
of the original design details. Hence, with the amount of detail known about 
these beams, it was possible to make a comprehensive comparison of a range of 
codes and methods (appendix Dl) for predicting prestress losses. Comparing the 
total results (table 6.5), it can be seen that the CEB-FIP (78) recommendations 
came closest to predicting the levels of prestress loss determined from the direct 
strain measurements. No account was taken of the loss of stress caused by friction 
and anchorage slip as it was assumed these had been allowed for in the initial 
design. However, as no stressing records were available, it was possible that initial 
overstressing had not occurred and this could have contributed another 8-10% to 
the level of losses. 
The CEB-FIP (78) code, CEB-FIP(70) recommendations and the Bazant and 
Panula (BPII) model gave results closest to the 33-38% (41-46%) obtained from 
the direct measurements. The figures show a marked variation in the losses the 
codes attribute to the various phenomena, particularly with respect to creep. The 
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PCI method indicated a value of only 10.2%, whilst the CEB-FIP (78) Model Code 
suggested a figure of 29.1 % would be more appropriate. Branson [73] and Bazan~ 
and Panula [23] have suggested that both the 1970 and 1978 CEB-FIP 
recommendations generally underestimate the effect of shrinkage. In fact it was 
found that these codes predict losses due to shrinkage which are comparable with 
many of the other methods. Hence this could be one reason for the discrepancies 
between the measured and predicted values for the prestress losses. It is, however, 
misleading to make a comparison of the individual results as the CEB-FIP (78) 
Model Code and BS5400 try to predict absolute values for the various phenomena 
which are then combined to produce a sum less than the total of the individual 
components. The other codes use the pure summation of the various losses. 
Method Elastic def. Creep Shrinkage Relax. Total % 
CPl15 6.9 10.9 3.5 2.8 24.1 
CP110* 5.6 9.1 3.5 2.8 21.0 
CEB-FIP(70) 6.4 15.3 3.2 2.3 27.2 
PCI* 5.6 10.2 5.6 1.6 23.0 
CEB-FIP(78) 6.1 29.1 4.4 3.2 33.5 
ACI209 7.2 9.8 2.2 1.7 20.9 
BP 11* 5.6 28.9 4.3 2.8 29.9 
BS5400* 5.6 18.8 3.2 2.8 24.2 
----------------------------------------------------------------------------------------------------------------
* Average stress taken along the length of the beam at transfer. 
Table 6.5 Basingstoke Bridge Beams - Predicted prestress losses from International 
Codes and Recommendations. 
The variation in the values of elastic deformation losses is primarily due to the 
method of predicting Young's modulus for the concrete at various ages, given the 
strength of the concrete at transfer and 28 days. In addition, some of the codes 
require that an average stress along the length of the beam should be considered at 
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transfer; the unbonded tendon is assumed to allow equalisation of the stresses along 
the length. 
In general, creep and shrinkage losses were predicted by the earlier codes using 
maximum values for the phenomena which were based on simple exponential or 
hyperbolic equations. As the research into the prediction methods progressed 
formulae were derived, often in the form of graphs, which took into account 
experimental data dealing with factors such as size of section, humidity and age at 
loading. The majority of the codes considered here fall into this second category. 
The latest methods for predicting the losses, particularly due to creep, have 
extended the experimental data into a series of complex equations which require 
intimate knowledge of the construction data for the structure. 
).4.2 Pretensioned concrete structure - the Tallington "top hat" beam 
The Tallington beams provided a measure of the long-term losses for a 
pretensioned member. Besser and Cusens [123] carried out a load test on a 
pretensioned structure and from the results of this test predicted prestress losses of 
36%, which were similar to those measured in this case. 
Using various design methods for evaluating prestress losses (appendix D2) it was 
possible to compare predicted values with those measured (table 6.6). As the 
member had to attain high early strength prior to transfer, it was assumed that 
steam curing of the unit had taken place. It was noted that the equations laid down 
in the CEB-FIP (78) model code should not strictly be used for estimating losses 
where heat curing has been applied. Allowance can be made for higher 
temperatures but this does not readily allow for the rapid gain in strength caused by 
this method of curing. Thus the creep strains were overestimated and the resulting 
total losses were higher than might be expected. However, a value of 33.6% total 
losses was obtained using the ultimate creep and shrinkage values provided as a 
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rough guide to the levels expected. As with the post-tensioned beam (section 6.4.1), 
the total losses predicted using the CEB-FIP (78) and BS5400 methods were less 
than the summation of the effects of the individual components. 
The differences in the elastic deformation values were due to the variation in elastic 
modulus predicted from the cube strengths at transfer. Generally, a value of 9.5% 
loss due elastic deformation was obtained. Increasing the initial deformation loss 
would have little effect on the total as the creep effect would be reduced due to a 
decreased applied stress. There appeared to be some confusion as to whether 
stresses due to dead load moments should be considered at transfer. However, it 
was decided that the effects of eccentricity of the cables would result in upward 
camber of the beams thereby causing dead load stresses to become effective. 
Method Elastic def. Creep Shrinkage Relax. Total % 
----------------------------------------------------------------------------------------------------------------
CP115 9.5 13.1 5.2 2.8 30.6 
CPII0 9.5 12.7 5.2 2.8 30.2 
CEB-FIP(70) 9.0 13.9 3.7 2.6 29.2 
PCI 9.4 11.8 6.4 1.7 29.3 
CEB-FIP(78) 9.5 26.3 4.7 3.1 37.3 
ACI209 8.8 12.8 6.1 2.6 30.2 
BPII 9.5 29.5 5.7 2.8 36.3 
BS5400 9.5 23.2 3.6 2.8 31.3 
-----------------------------------------------------------------------------------
-----------------------------
Table 6.6 Tallington "top hat" beams - Predicted prestress losses from International 
Codes and Recommendations. 
6.5 The effects of cuttinl: cables 
When a prestressing cable is cut the bond between the steel and the surrounding 
grout is broken down so that the tension in the steel is lost. As energy is 
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dissipated by this "debonding" action, re-anchoring of the cable occurs when 
there is insufficient force to perpetuate the effect. Cutting of a post-tensioned cable 
can be likened to the release that occurs in a pretensioned member at transfer. Base 
[124] showed that the smaller the transmission length in a pretensioned structure, 
the more likelihood that a peak longitudinal compressive strain will occur in the 
concrete where full transmission takes place. Where there is a long transmission 
length, a plot of the longitudinal strain profile on the surface of the member will 
show no apparent peak and the position of full prestress is considered to be where 
there is an initial flattening of the strain gradient. 
Four of the post-tensioned structures were instrumented with demec gauges to 
obtain surface measurements of the concrete strains released during cutting of the 
cables. It was then possible to assess the length over which loss of effective prestress 
had occurred. In each case, detailed information was obtained on the quality of the 
grout, the type of tendon and the prestressing force, the thickness of the section 
and the quantity of shear steel around the cut point. Once cutting of the strands 
commenced, measurements were taken at discrete intervals and the released strain 
patterns plotted. In some cases, it was possible to build up a picture of the 
debonding pattern of individual strands by incremental cutting of the cable . 
.5.1 Results 
The condition and integrity of the grout surrounding a tendon clearly controls the 
energy released during cutting, but the extent of debonding and local damage also 
depends upon many other variables. The Abercynon and Basingstoke beams were 
comparable because they both contained multi-strand cables carrying high loads in 
similar sized sections. The Taf Fawr Bridge contained a similar multi-wire strand to 
the Abercynon beams but there was only a single cable in this case. The Orpington 
beam was completely different to the other structures, containing four straight wires 
per tendon packed tightly into a small square duct. 
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The Basingstoke bridge beams were subject to incremental cutting of the tendons 
which produced similar patterns to those expected for a short transmission length in 
a pretensioned structure (figure 6.2). A peak strain developed, after half the side 
cable was severed, at a distance of approximately 1m from the cut point. However, 
when complete cutting of the cable had taken place there was severe cracking on 
the surface of the concrete along the line of the duct for a distance of up to 3m 
from the cut point. It was thus considered that debonding had probably occurred 
over this distance. 
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Figure 6.2 Typical strain release pattern on the Basingstoke beams. 
In this case deflections were measured as each side cable was cut. The horizontal 
and vertical movements produced on cutting one side cable were of the order of 
8mm and 4.5mm respectively. If this member was incorporated within a structure 
these deflections would be restrained and there would be little evidence that a cable 
had been severed, other than the cracking along the cable line. 
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The strain profile measured on release of a side cable in the Abercynon beams 
produced a similar pattern to that obtained on the Basingstok~ beams (figure 6.3). 
In spite of the greater tendon force, the effective transmission length was confined 
to within 1m of the cut point. In addition to the longitudinal measurements, 
transverse strain measurements were taken (figure 6.4). 
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Figure 6.4 Transverse strain release pattern on the Abercynon beams. 
153 
Comparing the position of full transfer of prestress determined from the 
longitudinal strain profile with the results of the transverse measurements, it can be 
seen that the transmission length occurred where the transverse tensile strains 
reduced to 150-200 microstrain. This is approximately the magnitude of tensile 
strain at which minor cracking of the section would occur. 
In the case of the Taf Fawr Bridge, one of the north edge sections was selected 
for initial debonding trials and the cables were exposed at either end of the unit 
so that the strands could be cut in increments. Generally the trials showed that 
fully grouted tendons would not debond more than half the length of a unit, 
ensuring that virtually all the residual prestress force would be present at the next 
in situ joint. During progressive cutting of a tendon, the changes in strain on the 
adjacent concrete surface illustrated the debonding characteristics (figure 6.5). 
The curve for the controlled cut at point 1 relates to the cutting of 3 WIres from 
one of the strands in the top slab at joint 14. The curves for uncontrolled cutting 
at points 2 and 3 relate to the complete severing of a tendon at joints 15 and 14 
respectively. As the cutting at point 3 (joint 14) was carried out last, the 
corresponding curve shows a symmetrical distribution in the strain changes. 
Further checks on the debonding were made in two of the central units and the 
results confirmed the original findings. It was concluded that for the majority of 
the tendons, prestress would be re-established well within the length of a unit. 
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Figure 6.5 Typical strain release pattern on the Taf Fawr Bridge. 
JOINT 15 
A strain profile, typical of a long transmission length, was obtained after cutting one 
tendon in the Orpington beam (figure 6.6) There was no peak compressive strain 
registered and there appeared to be a constant residual tensile strain release, which 
suggested there was incomplete re-anchoring of the cable within the section being 
monitored. The direct measurements on the strands confirmed this view, as there 
was a general reduction in the strains measured at each cut position after the 
previous position had been completely severed. As an example, when the front 
cable was cut at 2.95m there was a decrease of 14%, of the total measured, at 4.73m 
from the reference end. 
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5.2 Comparison of results 
1000 
Comparisons can be made between the strain profiles released on the various 
structures (table 6.7). The first two cases were comparable in terms of degree of 
grouting and duct size. The major difference in behaviour was primarily attributed 
to the quantity of shear reinforcement. 
Structure 
Basingstoke 
Abercynon 
TafFawr 
Orpington 
Shear link 
reinforcement 
10mm @ 760mm c/ c 
16mm @ 150mm c/c 
16mm @ 100mm c/c 
5mm @ 250mm c/c 
Cable 
SIze 
12/ 7wire strand 
17/19wire strand 
l/l9wire strand 
4 plain wires 
Load 
applied 
1910kN 
3305kN 
460kN 
196kN 
Trans. 
length 
<3m 
<1m 
<1m 
>4m 
---------------------------------------------------------------------------------------------------------------
Table 6.7 Comparison of transmission lengths. 
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The Basingstoke beams, designed to CP115, had nominal shear steel of 10mm bars 
at 760mm centres in the midspan region. This contrasted with the Abercynon 
beams, designed to BS5400, which had shear steel of 161nm bars at 150mm 
centres at midspan. It was this greatly increased quantity of steel which contained 
the large bursting forces in the Abercynon beams and prevented severe cracking 
adjacent to the cut position. 
The Taf Fawr Bridge contained a similar multi-wire strand to that used for the 
Abercynon beams, but the use of single strands rather than bundles considerably 
reduced the total force on the section. However, it was seen that the resulting length 
over which full prestress was re-established was almost identical to that obtained on 
the Abercynon beams. This was attributed to the similar quantities of steel 
surrounding the cables. The size of the section in this case was smaller than that of 
the Abercynon beams, although the nearest distance to the surface was 
approximately the same. 
In the case of the Orpington beam, the shear steel was extremely light; the design to 
CP115 calling for only 5mm bars at 250mm centres in the midspan region. 
Consequently, tensile cracking was evident on the surface along the tendon 
profile. The individual wires in the tendons were closely packed within the square 
ducts, so that very little area was available for the grout to penetrate. Hence, the 
WIres were directly touching both the sides of the duct and each other and the 
frictional forces were insufficient to prevent severed wires from slipping. 
Inadequate provision for grouting was, therefore, considered to be the prime cause 
for the excessive transmission length. 
5.6 Conclusions 
The use of a direct method of measuring the residual strain in prestressing strands 
has proved very effective, although there is still some doubt about the accuracy of 
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the method. The limited number of readings that can be taken may also prove to 
be a considerable drawback when trying to assess the complete state of stress in a 
structure. This problem can be overcome by the use of full-scale deflection 
tests during the demolition procedure. These tests provide good results when 
determining the overall stresses in the structure, but they are obviously limited in 
their use. 
The full-scale tests on the post-tensioned concrete structures have shown that the 
losses are likely to range between 35-50%. Original allowances for losses are 
generally 15-25% in structures designed between 1955-1970, but this does not 
appear to have produced any significant problems in practice. 
None of the prediction methods used to assess the loss of prestress, which had 
occurred at the time of testing the Basingstoke beams, resulted in estimates close to 
those determined in situ. However, it was realised that if no allowance had been 
made for friction and slip at the anchorages the overall losses would increase to 
approximately 36%. In this case the BP II method and the CEB-FIP (78) Model 
Code would produce results closest to those measured. 
Long-term losses of 31 % were predicted, using the method set down in CPl15, for 
a pretensioned box beam. This compared closely with the test results which 
ranged from 29-36%. It was generally seen that there was little difference in the 
methods for determining losses in a pre tensioned beam. The more recent methods 
due to the ACI, Bazant and Panula and the CEB-FIP (78) Model Code, on which 
the new Eurocode 2 is based require more detailed knowledge of the construction 
data. In addition, the CEB-FIP (78) Model Code was stated as not suitable for use 
where heat curing had taken place, but produced results comparable to the other 
methods when average ultimate creep and shrinkage coefficients were considered. 
158 
The debonding measurements have demonstrated that, providing the grouting in a 
tendon duct is sound, the most important parameter controlling damage and 
debonding length is the quantity of shear steel around the cut point. Where the 
remaining space in a duct is limited, the grouting is likely to be ineffective and 
friction between wires or strands is not sufficient to prevent rapid release of the 
energy when severing a cable. The long-term dynamic effects of wind and traffic 
loading on a broken cable cannot yet be demonstrated. However, there may be a 
progressive slipping of the cables along the line of the duct and hence an increased 
loss of prestress over an ever widening area. 
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CHAPTER 7 
INDIRECT MEASUREMENT OF LEVELS OF IN SITU STRESS 
7.1 Introduction 
It is inevitable that some structures will suffer from the effects of bad workmanship, 
faults in design, deleterious construction materials and other problems which have 
yet to come to light. It is essential that techniques are developed which can be used 
to assess the structural integrity of structures. The indirect method of determining in 
situ stresses provides invaluable data for structures still in service. The removal of a 
core is seldom detrimental and if a number of positions are considered the global 
stresses can be determined. In addition to evaluating the existing levels of prestress, 
the technique can be extended to any concrete structure subject to a stress field. 
7.2 Site investi2ations 
The evaluation of stresses USIng the indirect method has been shown to be a 
complex matter. The laboratory testing of slabs, placed under uniaxial and biaxial 
loading arrangements, has not produced conclusive evidence as to the satisfactory 
performance of the coring technique; although it was noted that stresses within 
0.5N/mm2 of the applied levels were predicted for slabs where shrinkage effects 
were minimal. The laboratory tests were conducted under simple axial load 
conditions and it was therefore unknown if the stress-relief technique could be 
extended to the more complex situations found on site. In order to assess the 
technique fully, a number of site investigations have been carried out where it was 
possible to evaluate the technique in conjunction with the direct measurement 
method. In addition, further work has been carried out where the indirect method 
was the only technique used but where the structure tested was of some age and 
under an almost uniform stress field. Thus differential shrinkage was not a problem 
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and external exposure meant that the concrete was in an almost saturated condition 
and expansion due to wetting was kept to a minimum . 
. 2.1 Basingstoke bridge beams 
In the case of the Basingstoke beams [118] (appendix C1), cores of 162mm and 
107mm diameter were removed and the indirect method was used in order to 
determine the levels of stress remaining in the members. As the use of this 
technique produces estimates based on the local state of stress in the structure, it 
was not expected that there would be an exact correlation with the level of stress 
predicted using simple prestressing theory and the measurements obtained from the 
direct method. In particular, the hole and surrounding areas can be influenced by 
local anomalies and microcracking. It was useful to compare the expected state of 
stress at the level of the cores, using both techniques, in order to check the validity 
of using the indirect method. 
Instrumentation of the core positions comprised demec rosettes on the cores and 
across the remaining holes. During coring there were considerable differences in the 
time and effort required to remove individual cores. In addition, close inspection of 
the cores removed showed that there was a wide variation in the quantity and size of 
large aggregate. Testing of several of the cores taken from the beams indicated that 
the elastic modulus for the concrete was highly variable. 
This was the first structure tested in which bending stresses were present. Thus, at 
the core level, there was not the simplified uniform axial stress distribution which 
had been considered in the laboratory. The effects caused by bending were 
immediately apparent as coring progressed. Transverse readings on the core 
indicated an apparent compression release, whilst those across the hole indicated a 
tension release. The effect was particularly noticeable across the hole, with the 
strains released in this direction often being greater than in the direction of the 
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applied prestress. The principal strains and directions obtained (table 7.1) also 
demonstrated this phenomenon. 
Comparing the results obtained from the four beams, it was apparent that the 
minimum principal strains, released longitudinally on the cores, were generally 
greater on the 107mm cores than on the 167mm cores. This effect was contrary to 
that observed for the strains released across the holes. In this case the maximum 
principal strains, released in the longitudinal direction, were generally smaller for 
the 107mm cores than for the 167mm cores. The strains released both on the cores 
and across the holes were comparable for the four beams. 
The strain release results on beam 4 were generally lower than those obtained from 
the other beams. This was because of the effects of temperature changes. Datum 
readings on this beam were taken several hours prior to coring, during which time 
the temperature of the environment increased considerably. The higher results, 
obtained on the 167mm core and across the hole at the 13m position, were due to 
datum readings being taken near to the time of coring. This phenomenon was noted 
and, where possible, subsequent datum readings were taken just prior to coring. 
The angle between the longitudinal and the nearest principal strain direction was 
determined, as this was the major (compressive) applied stress direction. The 
majority of the results lay within + /-100 of the longitudinal direction. It can be seen 
that the smaller core produced smaller strain release patterns across the hole than 
the 162mm core. However, this was offset by the larger readings obtained on the 
core. 
162 
Beam Core 
Principal strains and directions 
Angle Hole Angle Core 
position Max Min to min Max Min to max SIze E 
(lIS) (lIs) (deg) (lIs) (¥s) (deg) (mm) (kN/mm2) 
----------------------------------------------------------------------------------------------------------------
I-2m -67 -137 -4 118 -123 
-8 162 38 
8m -96 -209 -30 46 -145 -3 107 35 
14m -90 -164 -6 lost lost 162 35 
15m -120 -191 -4 65 -89 1 107 35 
20m -121 -211 -3 46 -84 -3 107 38 
26m -81 -161 -3 63 -79 -12 162 38 
----------------------------------------------------------------------------------------------------------------
2-2m -111 -187 -9 134 -113 -10 162 41 
8m -100 -221 0 59 -75 -1 107 42 
13m -82 -208 9 114 -138 1 162 42 
15m lost lost 17 -102 -5 107 42 
20m -111 -201 -3 37 -92 -7 107 42 
26m -79 -171 19 102 -98 4 162 43 
----------------------------------------------------------------------------------------------------------------
3-2m -47 -130 6 133 -52 8 162 38 
8m lost lost 126 -33 -2 107 38 
13m -74 -196 4 166 -122 3 162 38 
15m -138 -214 12 44 -100 8 107 38 
20m -153 -234 30 25 -82 7 107 38 
26m lost lost 213 -35 -8 162 38 
----------------------------------------------------------------------------------------------------------------
4-2m -102 -176 -20 22 -65 -14 162 47 
8m -127 -180 11 24 -77 -7 107 40 
13m -78 -200 4 104 -124 -3 162 44 
15m -154 -244 0 -16 -89 0 107 44 
20m -105 -207 -6 -12 -93 -3 107 44 
26m -69 -221 -29 65 -98 13 162 44 
----------------------------------------------------------------------------------------------------------------
Table 7.1 Principal strains and directions determined after coring the Basingstoke 
beams. 
163 
The depth of these beams was greater than that of the slabs tested in the laboratory, 
and the large flanges provided restraint against any enharced release of vertical 
strains due to edge effects. Therefore, it was decided that the coefficients Al and A2 
(appendix AI), determined from infinite plate theory would be used to analyse the 
results from across the hole. Thus, values for the coefficients of 0.833 and 0.293 
were taken for the 162mm cores and 1.838 and 0.744 were taken for the smaller 
cores. In order to evaluate the in situ stresses a number of cores were tested to 
provide values for the elastic modulus of the concrete. 
Values for elastic modulus were determined for a number of the cores (table 7.1). 
These values were used to evaluate the stresses from the measured strains released 
on coring the four beams. Where it was known that datum readings had not been 
taken immediately prior to coring, the measured strains released were not taken 
into account in determining the in situ stresses. Comparing the stresses predicted 
(table 7.2) using the strains released on the core and across the hole showed that the 
transverse values obtained effectively cancelled each other. The results of the slab 
tests had indicated that an averaging of the results obtained from the strains 
released on the core and across the hole could produce significantly better results 
(section 5.7). Thus it was considered that a resultant of the two sets of readings 
might provide a better estimate of the stresses at core level, than that based on each 
individual set. A comparison between the average readings and those predicted 
using the results obtained from the direct method, showed that the results were 
generally very close and within IN/mm2. Thus it was seen that, by using averages of 
the core and hole results, there was a close correlation between the predicted values 
using the direct measurements on the cables and those obtained using the coring 
technique. It was noted that there were slightly higher transverse stresses predicted 
at the ends where shear stresses were more prominent. 
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Position 
Ayerage estimated stresses (N/mm2) 
DIstance along beam 
and direction 2m 8m 13m 15m 20m 26m 
---------------------------------------------------------------------------------------------------
Core longitudinal 5.5 10.1 8.4 8.3 9.4 7.4 
transverse 3.0 5.7 4.5 6.0 6.4 4.4 
difference 2.5 4.4 3.9 2.3 3.0 3.0 
---------------------------------------------------------------------------------------------------
Hole longitudinal 2.9 1.7 2.4 -0.8 -0.7 1.5 
transverse -1.0 -3.7 -2.5 -5.8 -5.3 -1.8 
difference 3.9 5.4 4.9 5.0 4.6 3.3 
---------------------------------------------------------------------------------------------------
Ave. longitudinal 4.2 5.9 5.4 3.8 4.4 4.5 
transverse 1.0 1.0 1.0 0.1 0.6 1.3 
Pred. longitudinal 4.5 5.5 5.3 5.3 5.3 4.6 
Table 7.2 Stresses predicted using the indirect method on the Basingstoke beams. 
The results of this test showed the need to take strain gauge datums as close to the 
time of coring as possible. This procedure reduced the likelihood of the readings 
being affected by temperature differences. The results also enforced the idea that 
an average of the core and hole measure ments provides a better correlation with 
the predicted values. 
2.2 Orpington School Hall roof beam 
The roof beam removed from the hall of the Orpington Girls' School (appendix C2) 
• 
was moved to the laboratory so that it was possible to carry out a number of coring 
trials [119]. In this case, because of the shallow depth of the web, a finite element 
analysis similar to that used to model the test slabs (section 4.5) was used to model 
the beam and the effects of coring. The beam was idealised as a 420mm deep flat 
plate, through which a 150mm core was assumed to be taken (figure 7.1). It was 
assumed that the elastic properties of the concrete were 0.2 for Poisson's ratio and 
35kN /mm2 for elastic modulus. The strain results output by this analysis allowed the 
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modifying coefficients Al and ~ (appendix A2) to be assessed. The values were 
estimated as 0.8556 and 0.4215 for the two coefficients respectively. These values 
were used to evaluate the resulting strains released on coring at various positions 
along the length of the beam. 
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Figure 7.1 Finite element mesh used to model Orpington beam. 
Vibrating wire gauges of 64mm length were placed on the back faces at the 3.97m 
and 8.31m positions. These gauges were positioned along the longitudinal axis in 
order to pick up any transfer of strain which might occur as coring progressed from 
the front face. Incremental drilling was carried out through the web, with the coring 
halted at approximately 25mm increments so that the strain readings on the VW 
strain gauges could be taken. The increase in longitudinal compressive strain on the 
back face (figure 7.2) was indicative of a compressive stress, which would be 
expected in a prestressed beam. As the depth of coring reached approximately half 
the width of the beam, the strains on the back face increased to 36 and 33 
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microstrain for the 3.97m and 8.31m points respectively. Considering a value for 
elastic modulus of 3SkN/mm2, these equate to a total stress at core level of 
2.SN /mm2. This predicted stress level was comparable with that obtained on total 
release, from measured values of longitudinal strain of 78 and 62 microstrain. These 
values were slightly smaller than those measured using the release of strains on the 
cores. 
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Figure 7.2 Strain change on back face due to coring Orpington beam. 
Instrumentation of the cOrIng positions involved the application of rosettes of 
demec gauges on the core and across the remaining hole. Using the demec gauges, 
strain release patterns were monitored on the front and back faces of the beam at 
the 3.97m and 8.31m positions whilst only the front face was considered for the 
remaining positions. The principal strains determined from the release values (table 
7.3) showed a fairly consistent pattern, similar to that of the Basingstoke beams. In 
this case, the vertical strains released across the holes were considerably enhanced 
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so that they were larger than those in the major, longitudinal, principal stress 
direction. This was due to a number of different factors: the effect of bending, the 
shallow depth which provided little restraint in the transverse direction, cracking of 
the top flange, and the dry state of the concrete which readily absorbed water on 
coring. In addition, it appeared likely that microcracking at the edge of the hole 
could have helped enhance the strain release pattern. A wedge had been placed 
beneath the beam at 3.76m, resulting in a further complication in the stress 
condition. 
Principal strains and directions 
Beam Core Angle Hole Angle Core 
position Max Min to min Max Min to max SIze 
(ps) (lls) (deg) (ps) (ps) (deg) (mm) 
-------------------------------------------------------------------------------------------------------------
3.97m (front) 72 -132 -5 382 -446 1 154 
3.97m (back) 53 -118 -4 340 -396 1 
8.31m (front) 47 -59 -4 272 -328 0 154 
8.31m (back) 50 -78 -2 248 -304 1 
-------------------------------------------------------------------------------------------------------------
2.95m 10 -208 -2 134 -120 3 154 
4.73m 98 -134 7 403 -457 1 154 
6.28m 137 -367 -6 424 -508 -3 154 
7.29m 88 -140 -3 296 -317 -2 154 
9.11m 83 -103 0 220 -268 0 154 
-------------------------------------------------------------------------------------------------------------
Table 7.3 Principal strains determined from coring the Orpington beam. 
The second set of cores had been subject to an initial removal of a smaller core of 
45mm diameter. A bi-directional cylindrical transducer had been placed within this 
hole in an attempt to determine the stress profile across the depth of the section. 
Unfortunately, the grout had proved less than satisfactory and did not provide a 
good bond between the transducer and the wall of the borehole. It is likely that the 
use of this technique affected the readings obtained from the 150mm diameter 
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cores. This is only evident at the 2.95m and 6.28m positions where contradictory 
results were recorded. The strains released at the remaining positions were in 
keeping with those measured on the plain cores taken at 3.97m and 8.31m. 
The predicted stresses (table 7.4) were determined assuming a value for elastic 
modulus of 35kN/mm2. The 50mm diameter cores removed for testing purposes 
indicated an apparent equivalent cube strength of approximately 60N /mm2, which 
suggested that the modulus would lie within the range of 33-38kN/mm2. 
Position 
and direction 
Average estimated stresses (N /mm2) 
Distance along beam 
* * 2.95m 3.97m 4.73m 6.28m 7.29m 8.31m 9.11m 
--------------------------------------------------------------------------------------------------
Core long. 7.3 4.1 4.3 12.4 4.5 2.2 3.2 
trans. 0.8 -1.6 -2.8 -2.9 -2.4 -1.4 -2.4 
diff. 6.5 5.7 7.1 15.3 6.9 3.6 5.6 
--------------------------------------------------------------------------------------------------
Hole long. 
trans. 
diff. 
Ave. long. 
trans. 
2.1 
-1.3 
3.4 
4.7 
-0.3 
3.6 
-6.7 
10.3 
3.9 
-4.2 
4.3 
-7.1 
11.4 
4.3 
-5.0 
4.0 
-8.4 
12.3 
8.2 
-5.7 
3.5 
-4.6 
8.1 
4.0 
-3.5 
2.3 
-5.3 
7.6 
2.3 
-3.4 
2.0 
-4.5 
6.5 
2.6 
-3.5 
--------------------------------------------------------------------------------------------------
Pred.long. 5.3 5.4 5.4 5.5 5.4 5.4 5.3 
* Plain cores 
Table 7.4 Stresses predicted after coring the Orpington beam. 
This must be considered as the most strenuous test of the indirect technique due to 
the added complications. Even in this case however, the average stresses on the core 
were generally within 2N/mm2 of the value predicted from the direct method. The 
lower value at 8.31m was comparable with that measured on the back face during 
incremental drilling. This was not the case at the other end of the beam where the 
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results for the demec points were almost twice that obtained from the VW gauge on 
the back face. However there were unusual bending effects in the plane of the beam 
caused by the deflection of the cables and the prop at 3.76m. 
The resulting stress determined for the core at 6.28m was considerably enhanced in 
the longitudinal direction compared with the other core results. Interestingly this 
was not the case for the hole result at this position which showed a good degree of 
consistency for the stresses determined in the longitudinal direction, both across 
the other holes and on the remaining cores. As expected, the predicted transverse 
stresses were considerably higher for the release across the hole than expected. The 
average longitudinal stresses obtained from the measurements on the core and 
across the hole were generally similar and provided close approximations to the 
predicted levels of in situ stress. However, it would appear that this technique 
cannot fully describe the release of stress which occurs in the situation where the 
member is constructed of a very shallow section. 
2.3 Tallington "top hat" beam 
The pretensioned beams (appendix C3), which had been subject to direct 
measurements of prestress and a two-point load test [120], were also used for trials 
of the indirect coring method. In this case the beam was cored at various positions 
through both webs using 154mm and 64mm external diameter core bits. Gauging 
comprised demec rosettes on the core and across the hole and strain release 
measurements were generally taken within an hour of the start of coring. 
The principal strains determined after coring the beam (table 7.5) showed similar 
patterns to those observed on the Basingstoke beams. Unfortunately considerable 
difficulty was experienced in coring the smaller 64mm cores and a number of 
gauging positions were lost during this operation. On a number of occasions 
skidding occurred on the surface as coring commenced and this could have affected 
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the resulting release patterns. Despite this there was a reasonable degree of 
consistency in the results, particularly in the values obtained from the release across 
the holes. The angles between the principal strains and the longitudinal direction 
were generally small. However, it was noted that the principal strains released on 
the 64mm co:;:es deviated further from the longitudinal direction. 
Principal strains and directions 
Beam Core Angle Hole Angle Core 
position Max Min to min Max Min to max . Size (ps) (}Is) (deg) (}Is) (ps) (deg) (mm) 
-----------------------------------------------------------------------------------------------------------
A- 9.6m lost lost 155 -31 2 64 
B - 11.8m -90 -111* 44 137 -73 -2 64 
A- 13.6m lost lost 227 -82 -5 64 
B - 15.6m 41 -170* -23 144 -116 -13 64 
A- 18.5m 21 -81 * -6 119 -79 -7 64 
B - 20.1m -15 -105* 32 143 -119 5 64 
-----------------------------------------------------------------------------------------------------------
B- 9.1m -63 -259 -12 lost lost 154 
A - 11.1m -177 -323 -3 239 -57 0 154 
B - 13.7m -32 -217 -1 202 -138 0 154 
A- 15.5m 26 -138 -6 199 -75 -4 154 
B -18.7m -70 -207 0 203 -169 1 154 
A- 20.0m -14 -184 -3 264 -100 -3 154 
-----------------------------------------------------------------------------------------------------------
* Three gauge readings only 
-----------------------------------------------------------------------------------------------------------
Table 7.5 Principal strains determined from coring "top hat" beam. 
The behaviour of the beam under the two-point load test had indicated that the 
effective modulus for the structure was approximately 47kN/mm2. However, 
standard cylinder compression tests, and non-standard "in plane" tests carried out 
on octagons formed from the 64mm cores removed from the webs [5], indicated an 
elastic modulus of 38kN/mm2 for the concrete. Using this value of elastic modulus, 
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the stresses obtained from the principal strains (table 7.6) demonstrated the good 
degree of consistency which can be obtained using this method, providing a number 
of readings are taken. Generally it can be seen that the average of the core and hole 
results lies between 5-7N/mm2 whereas the predicted values are approximately 
8.2N /mm2. The reason for this discrepancy may have been the value of elastic 
modulus adopted. The previously described load test (section 6.3.5) had indicated 
an overall value of 47kN/mm2 from the results of the load/deflection profile for the 
beam. If this value of modulus had been used for the coring results the predicted 
stresses would have been 6.2-8.7N/mm2, which was closer to that expected. 
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Position and 
principal direction 
Average estimated stresses (N/mm2) 
Distance along beam 
9.4m 11.5m 13.6m 15.5m 18.6m 20.0m 
---------------------------------------------------------------------------------------------------
64mmCore 
Core long lost 4.8 lost 6.4 3.0 4.6 
trans lost 4.2 lost -0.6 
-0.3 1.2 
diff 0.6 7.0 3.3 3.4 
---------------------------------------------------------------------------------------------------
Hole long 7.5 5.3 9.9 4.6 4.2 4.4 
trans 2.6 -0.2 1.8 -2.3 -1.0 -2.5 
diff 4.9 5.5 8.1 6.9 5.2 6.9 
---------------------------------------------------------------------------------------------------
154mm Core 
Core long 10.4 13.6 8.6 5.2 8.5 7.2 
trans 4.0 8.8 2.5 -0.2 3.9 1.6 
diff 6.4 4.8 6.1 5.4 4.6 5.6 
---------------------------------------------------------------------------------------------------
Hole long lost 7.9 5.1 6.1 4.5 8.1 
trans lost 2.2 -1.5 0.8 -2.7 1.1 
diff 5.7 6.6 5.3 7.2 7.0 
---------------------------------------------------------------------------------------------------
Averages 
64mm core long 5.1 5.5 3.6 4.5 
trans 2.0 -1.5 -0.7 -0.7 
154mm core long 10.8 6.9 5.7 6.5 7.7 
trans 5.5 0.5 0.3 0.6 1.4 
Predicted long 8.3 8.3 8.2 8.2 8.3 8.3 
Table 7.6 Stresses predicted after coring the "top hat" beam. 
2.4 Tar Fawr Bridge 
During demolition monitoring of the Taf Fawr Bridge (appendix C4), a number of 
cores were removed from the webs and flanges of the box sections [121, 122]. Two 
cores were taken from each web of the inner box and two from both the top and 
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bottom flanges. In each case the stress-relief technique was used with 75mm and 
150mm cores positioned sufficiently close to one another so that the results could 
be compared. The section chosen for the tests was primarily subject to shear stress. 
The positioning of the cores in the web sections (figures 7.3a and b) was such that 
large diagonal cracks ran close to the two positions. 
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In addition to the demec rosettes, on and across the core, and an external array of 
three vibrating wire gauges, a further rosette of VW gauges was placed on the back 
face. This arrangement of gauges registered the transference of strain through the 
section as coring progressed. The gauging arrangements for the cores taken through 
the top and bottom flanges differed in that they had arrays of demec gauges around 
the position, rather than VW gauges (figures 7.4a and b). 
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Figure 7.4b Gauging positions on bottom slab of Taf Fawr Bridge 
As coring progressed through the web it became evident that the section was under 
considerable shear stress. The VW gauges on the back face registered increasing 
tension. In each case, as coring approached halfway through the section, the gauges 
indicated a build up of tensile strain equivalent to a total applied stress of 
-O.8N/mm2 at an angle of 45° to the longitudinal direction. On the front face, 
increasing compressive strains were measured on the VW array. This was 
particularly noticeable as coring passed through the link reinforcement. There was a 
dramatic increase in the strains measured as shear steel was severed and it appeared 
that the steel had been under considerable tension. As cutting occurred, the tension 
in the steel was released resulting in a break down in the bond between the steel 
and the concrete. This inevitably affected the strain release patterns around the 
edge of the hole as microcracking occurred. 
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The strain release patterns generally displayed a good degree of consistency (table 
7.7). The angle between the major principal stress and the longitudinal direction 
coulo be seen to vary widely. In particular, it could be seen that the principal stress 
directions in the two webs were in keeping with the shear cracking. The hole and 
surrounding area were particularly susceptible to anomalies in the local stress fields 
and the effects of micro cracking. Thus the strain changes on the concrete cores were 
considered to give the best guide to the stresses in the section. This data was 
reinforced on occasions by the results from the VW arrays, where they had not been 
affected by cracking. 
Using an average value of 33kN /mm2 for the elastic modulus of the concrete, the 
major principal stresses from the cores in the north web of unit 25 appeared to 
lie in the range from 2.5-2.9N/mm2 at an angle of approximately 32° to the 
longitudinal axis (table 7.8). The stresses from the south web were higher at 3.4-
4.4N/mm2. 
The results from the coring trials carried out through the top slab of unit 27 and 
the bottom slab of unit 25 showed that these areas were also under complex stress 
conditions. It was again evident that micro cracking had occurred around the core 
position. However, in the top slab of unit 27 it appeared that the longitudinal 
compressive stresses ranged from 3.1-4.9 N/mm2. In the bottom slab of unit 25 
there was a general indication of longitudinal stresses of 2.7N /mm2. 
The average stresses estimated from the strains released on the core and across the 
hole were compared with those obtained from the complete removal of unit 25 
(figure 7.5). Demec gauges were positioned at various points at each end of the unit 
prior to removal. Once the unit had been lowered to the ground there was an 
effective relief of stress as loss of bond occurred at each end. The longitudinal 
stresses determined from these measurements were in reasonable agreement for 
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both the north and south webs at each section although, as expected, there was a 
distinct difference between the two sides. It was also seen that there was a good 
correlation between the stresses predicted using the coring technique and those 
obtained from the release of stress on the complete unit. 
Gauging 
position 
N.150 
Principal strains (microstrain) 
Segment no. and core size (mm) 
Segment 25 Segment 27 
N.75 S.150 S.75 B.150 B.75 T.150 T.75 
------------------------------------------------------------------------------------------------------------
Core max. 
IDln. 
ang. 
34 
-74 
47 -54 -68 137 
-87 -88 -112 -202 
-17 -45 -96 
-73 -79 -123 
------------------------------------------------------------------------------------------------------------
Hole max. 41 108 68 
IDln. -101 -164 -44 
ang. 51° 
Ros 1 max. 24 34 26 
. 
-21 -47 -29 IDln. 
51 
-39 
6 
-28 
52 65 -9 
-72 -129 -123 
90 25 -19 
-54 -33 -53 
17 
-69 
-31 
-57 
ang. 35° 32° -39° -27° -10° -28° 68° -36° 
------------------------------------------------------------------------------------------------------------
Ros 2 max. 
IDln. 
ang. 
Ros3 max. 
mIn. 
ang. 
-16 
-74 
22 
-62 
29 -11 -39 
-44 -104 -76 
11 
-56 
11 -60 
-91 -110 
510 84° 
------------------------------------------------------------------------------------------------------------
N-north, S-south, B-bottom, T-top 
------------------------------------------------------------------------------------------------------------
Table 7.7 Principal strains determined from coring Taf Fawr Bridge 
178 
Gauging 
position 
N.150 
Estimated stresses (N /mm2) 
Segment no. and core size (mm) 
Segment 25 Segment 27 
N.75 S.150 S.75 B.150 B.75 T.150 T.75 
-------------------------------------------------------------------------------------------------------------
Core long. 2.5 2.9 3.4 4.4 6.5 2.7 3.1 4.9 
vert. -0.8 -1.2 2.4 3.0 -3.8 1.0 2.0 4.1 
diff. 3.3 4.1 1.0 1.3 10.3 1.7 1.0 0.8 
-------------------------------------------------------------------------------------------------------------
Hole long. -0.3 1.0 1.7 1.2 0.6 0.1 -2.5 -0.6 
vert. -2.9 -4.0 -0.4 -0.5 -1.7 -3.5 -4.6 -2.2 
diff. 2.6 5.1 2.1 1.7 2.3 3.6 2.1 1.6 
-------------------------------------------------------------------------------------------------------------
AV.CORE + HOLE 
long. 1.1 2.0 2.6 2.8 3.6 1.4 0.3 2.2 
vert. -1.9 -2.6 1.0 1.3 -2.8 -1.3 -1.3 1.0 
-------------------------------------------------------------------------------------------------------------
Ros 1 long. 0.8 3.8 1.4 3.1 1.2 5.6 4.6 20.8 
vert. -1.1 -1.4 -1.0 1.0 -5.1 -2.2 3.2 17.3 
diff. 1.9 5.2 2.4 2.2 6.3 7.8 1.5 3.5 
-------------------------------------------------------------------------------------------------------------
Ros2 long. 4.7 2.4 6.3 7.0 
vert. 2.6 -0.8 3.0 5.4 
diff. 2.1 3.2 3.3 1.6 
-------------------------------------------------------------------------------------------------------------
Ros3 long. 5.6 10.7 9.4 30.2 
vert. 0.9 3.9 3.6 25.0 
diff. 4.7 6.8 5.7 5.1 
-------------------------------------------------------------------------------------------------------------
N-north, S-south, B-bottom, T-top 
-------------------------------------------------------------------------------------------------------------
Table 7.8 Principal stresses determined after coring Taf Fawr Bridge 
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Figure 7.5 Stresses determined from removal of unit 25. 
2.5 Wentbridge Viaduct 
The Wentbridge Viaduct (appendix C7) required an evaluation of the in situ 
stresses as part of a general inspection procedure [125]. As such the direct technique 
could not be used as confirmation of the state of stress in the concrete. However, as 
the cores were to be removed from the bottom slab it was likely that the 
predominant stress would be fairly uniform in the longitudinal direction. In 
addition, the concrete was old and in a saturated condition. Thus many of the 
possible complications, evident in the slab tests, were eliminated. 
It was necessary to limit the size of core removed to 75mm, to ensure that no steel 
was severed. This size of core was also desirable for compression test specimens, as 
the depth of coring was restricted to approximately 170mm because of the limited 
depth of the slab. Gauging consisted of eight demec points, on and around the core 
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position, and an array of eight 64mm VW gauges. Stress values could only be 
determined for the top surface of the bottom slab and it was possible that there was 
a slight variation with depth. As it was necessary to retrieve the cores for testing, it 
was decided that the depth of coring would be limited to approximately 200mm. It 
was considered that the effects of not cutting completely through the bottom slab 
could also have an effect on the strains released on the surface. Therefore it was 
decided that incremental drilling should be used as a further means of assessing the 
in situ stress level. 
During drilling, the VW strain gauge rosettes were monitored and the resulting 
release of strain was observed. Once the bit had penetrated to a depth of 100mm, 
longitudinal tensile strains of between 70-100 microstrain were observed These 
results suggested that compressive stresses of almost 10N/mm2 were present in the 
bottom flanges. A typical release pattern obtained (figure 7.6) indicated that the 
strains reached a plateau after the core had penetrated 100-125mm into the 
flange. This indicated that realistic estimates of the stresses could be made from 
a core of limited length. 
It was anticipated that higher stresses would occur in the bottom flange of the 
edge boxes due to the rise in the neutral axis at these positions. It was also 
expected that the symmetrical nature of the bridge would lead to similar stresses on 
the north and south sides of the central diaphragm. However, inspection of the 
strains released in the four inner boxes clearly demonstrated that the strain 
measurements on the south side were consistently greater (table 7.9). 
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The maximum compressive strains across the hole and the tensile strains on the 
core were indicative of an applied compressive stress. As the maximum values were 
generally in the direction of gauge 1, it was apparent that the major principal stress 
was in the longitudinal direction. The strains recorded on cores 3S and 4S are 
comparable to the values observed in the outer boxes. Hence, it seemed likely that 
cores taken from the south side of the outer boxes would have produced the 
maximum release of strain in the midspan region. 
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Box Demec Strain Readings (Microstrain) 
Number Gauge Number 
1 2 34567 p, 
-------------------------------------------------------------------------------------------------------------
IN Hole 298 233 113 -97 -161 -56 64 217 
Core -299 -279 -209 -119 10 -159 -189 -259 
2N Hole 137 121 81 -32 -73 -40 64 137 
Core -90 -139 -139 -60 -70 109 -90 -90 
2S Hole 217 185 81 0 -72 72 201 
Core -139 -209 -80 -20 -60 -60 -110 -129 
3N Hole 258 113 24 -80 -32 48 
Core -139 -70 -100 
3S Hole 289 225 105 -32 -64 -48 96 233 
Core -299 -199 -70 -70 -50 -80 -189 -289 
-------------------------------------------------------------------------------------------------------------
4N Hole 209 225 113 -32 -81 -73 73 234 
Core -159 -179 -119 -100 -20 -30 -119 -219 
4S Hole 314 250 161 -24 -72 -8 97 338 
Core -229 -259 -139 -90 -60 -90 -229 -289 
5N Hole 153 121 40 -72 -81 -8 16 
Core -219 -129 -110 -80 -60 -60 -159 -169 
5S Hole 201 137 32 -56 -105 161 
Core -139 -229 -179 -80 -80 -129 -189 -169 
6N Hole 338 282 121 -16 -64 8 137 250 
Core -259 -219 -149 -40 -90 -239 
-------------------------------------------------------------------------------------------------------------
Table 7.9 Principal strains determined after coring Wentbridge Viaduct. 
Additional 200mm Demec gauges were positioned across the hole. These gauges 
were difficult to read in many cases due to the rough concrete surface, but in 
spite of this the results (table 7.10) demonstrated good consistency. The 
maximum values were recorded by gauges 1 and 4, lying at 22.5 degrees on either 
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side of the longitudinal axIS. These gauges indicated a pattern of deformation 
sirnihr to the 100mm Demec gauges. Unfortunately the strain changes over this 
length were small and the relative insensitivity of the 200mm Demec gauge was 
aggravated by the difficulty of reading. It was therefore realised that these strain 
readings provided a qualitative rather than quantitative measure of the strain 
changes across the holes. The strains released confirmed the results from the other 
gauging arrangements, that the major compressive stress was in the longitudinal 
direction. 
Box Demec Strain Readings (Microstrain) 
Number Gauge Number 
1 2 3 4 
-------------------------------------------------------------------------
IN 
-36 -40 60 
2N 32 -20 -16 
2S 32 80 
3N 68 -24 -28 60 
3S 52 -28 -44 60 
-------------------------------------------------------------------------
4N 72 68 
4S 40 -44 -28 68 
5N 36 -36 72 
5S 28 -24 -40 36 
6N 68 -20 -8 72 
Table 7.10 Strains released on 200mm demec across holes. 
It was generally seen that there was a good degree of consistency between the 
different demec gauge arrangements. The least-squares routine (appendix AI) was 
applied to all 8 gauges where these results were available. Using these equations, 
maximum principal strains were evaluated within a few degrees of the longitudinal 
direction. 
184 
The arrays of eight VW strain gauges produced reasonably consistent results (table 
7.11). The strain values were corrected for rapid temperature variations in the 
gauges caused by the coring water and the resulting strains released were averaged 
between those positioned on diagonally opposite sides of the holes. Once again the 
major principal stress direction was seen to be parallel to the longitudinal axis of the 
bridge. This was indicated by gauges 1 and 5, which had the greatest tensile strain 
release. In addition, there was a compressive strain release in the transverse 
direction. 
Box VW Strain Readings (Micros train) 
Number Gauge Numbers 
1 2 3 4 5 6 7 8 
------------------------------------------------------------------------------------------------
IN -90 -32 33 -25 -94 -15 49 -10 
2N -54 -10 18 -16 -43 -15 0 -20 
2S -98 -60 -7 1 -90 -45 -5 -43 
3N -70 -20 41 -19 -53 -24 22 -7 
3S -83 23 -41 -75 -23 12 -20 
------------------------------------------------------------------------------------------------
4N -75 -26 18 -27 -56 -12 21 -17 
4S -62 -33 21 -60 -104 -30 19 -38 
5N -40 -9 22 -11 -38 -14 19 -14 
5S -50 -15 21 -18 -67 -16 25 -19 
6N -72 -37 26 -45 -21 35 -42 
------------------------------------------------------------------------------------------------
Table 7.11 Strains released at external VW strain gauge rosettes. 
Values for elastic modulus were obtained from the results of laboratory 
compression tests and the in situ jacking tests developed by Mehrkar-Asl [5]. The 
values obtained (table 7.12) were typical of an in situ concrete made with a crushed 
rock aggregate and the results were generally consistent across the bridge. 
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Box Elastic Modulus (kN /mm2) 
Number Jacking Laboratory Value 
test [5] test adopted 
---------------------------------------------------------------------------
IN 31.0 36.4 31.0 
2N 35.7 34.4 35.7 
2S 50.3 35.5 34.0 
3N 33.0 
3S 33.0 37.3 33.0 
---------------------------------------------------------------------------
4N 
4S 
5N 
5S 
6N 
35.6 
41.4 
33.0 
38.0 
37.0 
38.0 
35.3 
34.0 
34.0 
35.6 
41.4 
33.0 
Table 7.12 Values of elastic modulus obtained from Wentbridge Viaduct. 
Using the values obtained for elastic modulus, the concrete stresses on the top 
surface of the bottom flanges were deduced from the strain measurements 
recorded on the cores, across the holes and around the holes. Comparing the 
major and minor principal stresses calculated from each technique (table 7.13) the 
results are generally very similar. Despite the difficulties created by the irregular top 
surface, the results obtained from the different gauges indicated consistency in the 
magnitude and direction of the predicted stresses. 
Comparing the average results obtained from the core and across the hole, the 
major principal stresses on the north side of the central diaphragm varied between 
6-8N/mm2 in the inner boxes, but ranged from 8-9N/mm2 in the outer boxes. The 
results on the south side of the diaphragm were slightly higher than the north side 
with estimated stresses ranging from 8-9N/mm2. An enhanced value was noticeable 
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in the central box 4S, where the predicted stress reached 12.2N/mm2. These strain 
release results from the VW strain gauges were generally similar to those obtained 
using the demec gauges. 
Position 
Average estimated stresses (N/mm2) 
Box number and side 
and direction IN 2N 2S 3N 3S 4N 4S 5N 5S 6N 
----------------------------------------------------------------------------------------------------------------
Core long 9.4 7.5 9.3 11.3 8.8 13.0 9.0 9.4 
trans 3.0 1.4 3.6 4.2 3.1 4.2 4.6 6.2 
ave 6.4 6.1 5.7 7.1 5.7 8.8 4.4 3.2 
----------------------------------------------------------------------------------------------------------------
Hole long 7.4 5.1 7.0 6.6 7.5 7.5 11.4 4.9 8.5 
trans -0.8 1.1 1.3 1.0 0.8 1.1 3.0 0.8 1.2 
ave 8.2 4.0 5.7 5.6 6.7 6.4 8.4 4.1 7.3 
---------------------------------.------------------------------------------------------------------------------
AV.CORE + HOLE 
long 8.4 6.3 8.2 6.6 9.4 8.2 12.2 7.0 9.4 8.5 
trans 1.1 1.3 2.5 1.0 2.5 2.1 3.6 2.7 6.2 1.2 
----------------------------------------------------------------------------------------------------------------
VW long 7.1 6.3 6.7 7.0 12.1 8.7 12.8 5.5 11.6 11.5 
trans 1.0 3.7 1.2 1.4 7.0 4.0 6.9 2.0 7.0 4.7 
ave 6.1 2.6 5.5 5.6 5.1 4.7 5.9 3.5 4.6 6.9 
----------------------------------------------------------------------------------------------------------------
Table 7.13 Stresses predicted after coring the Wentbridge Viaduct. 
No attempt has yet been made to calibrate an incremental drilling approach in the 
laboratory. However, it was considered that the estimates for stresses on the surface 
of the concrete, after drilling to various depths, might provide a useful guide for 
future applications. Comparisons of the results obtained from the VW gauges 
after 125mm of penetration, completion of coring and 2-3 hours later (table 7.14) 
indicated a good degree of consistency. In general it appeared that the stresses 
calculated from the 125mm strain results compared well with the final values 
obtained after the core was removed. These results were also consistent with those 
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obtained using the demec strain gauges. Thus the incremental coring measurements 
were seen to have good potential for the rapid assessment of in situ stresses. 
Box Concrete Stresses (N/mm2) 
Number Depth of Coring 2-3 hours 
125mm Complete after coring 
---------------------------------------------------------------------
IN 7.2 6.9 7.3 
2N 7.1 5.7 4.8 
2S 4.6 6.7 3.7 
3N 4.5 6.8 5.4 
3S 10.5 11.1 7.1 
---------------------------------------------------------------------
4N 5.3 8.1 6.0 
4S 12.7 13.0 8.8 
5N 5.6 5.2 3.8 
5S 6.4 10.7 6.4 
6N 7.6 8.2 7.6 
Table 7.14 Stresses predicted during and after coring . 
.2.6 The Channel Tunnel 
The determination of the stresses in the Tunnel linings comprised two parts 
(appendix C8); results from cores taken from the precast linings of the access tunnel 
[126] and those from the in situ linings of the adit and marshalling tunnels [127]. In 
both instances the concrete was reinforced rather than prestressed. However, it was 
known that the concrete rings were heavily loaded due to the weight of soil and sea 
above. 
In each case the terms "longitudinal" and "hoop" were considered with respect to 
the axis of the tunnel at the point under test. 
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~.6.1 Precast segments 
The precast segments which formed the access tunnel were jointed to form a 
flexible ring which could move with the surrounding strata. The rough joints, 
between the segments, were filled with a small quantity of grout. In order to 
determine the stresses in the linings with some degree of confidence it was 
necessary to use a number of cross-checks. The techniques used were the indirect 
method, using the removal of a number of 'cores, combined with the removal of two 
large blocks by stitch drilling. For the indirect method, in addition to the demec 
arrays on the core and across the hole, VW and demec strain gauge rosettes were 
used around the core positions. A number of VW and demec strain gauges were 
positioned on and around the blocks prior to their removal (figure 7.7). 
It was anticipated that there might be a difference in the stress distribution from the 
seaward, or leading edge, to the landward, or trailing edge. In order to investigate 
any difference in the strain distribution between the leading and trailing edge of 
each segment, a large block was removed from each edge of segment 144 BR. 
Removing the block from the edge of the segment also meant that the stitch drilling 
only had to be continued around three sides. Despite the reduction in the amount of 
work required, 14-15 cores had to be removed in order to completely free each 
block. In addition a jacking force of 50kN was required to separate the blocks from 
the joints. This force was equivalent to an ultimate shear stress of approximately 
O.5N /mm2 and indicated the potential for transference of load between adjacent 
nngs. 
An average value for elastic modulus of 46kN/mm2 was obtained, for the concrete 
in the precast segments, from the results of compression tests on the cores removed 
and jacking tests carried out in the remaining holes [5]. Using this value for the 
modulus and the hoop strains measured on the surface of the removed blocks, in 
situ stresses of 4.3N/mm2 and 5.3N/mm2 were indicated for the leading and trailing 
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edges respectively. The higher value on the trailing edge was attributed to the 
previous removal of a block from the adjacent ring and subsequent load 
transference. 
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The profile of strain distribution in the remaining section and the neighbouring 
rings (figure 7.8) indicated a transference of load as the large blocks were removed. 
Integration of the strain profiles for the remainder of the segment indicated that an 
increase in load of 456kN had occurred. This was equivalent to approximately half 
of the total load released on the blocks. Therefore it was concluded that a 50% 
redistribution of load could occur. As the level of strain in the neighbouring ring 
was consistent with that at the edge of the block, it was considered that a similar 
redistribution could occur through the joints into the adjacent rings. 
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A large-scale jacking test was carried out, in the hole left by the removal of the 
trailing edge block, in order to re-establish the strains released on internal gauges 
within the section above that considered. The results of this test indicated that there 
was a variation in the stress distribution with depth, varying from 4.0N/mm2 on the 
inside face to approximately 3.lN/mm2 on the outer face. 
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Figure 7.8 Strain release pattern due to removal of large blocks. 
The indirect method was used in four sections with the 152mm cores taken near to 
the leading edge of the segments tested and the 77mm cores removed from close to 
the trailing edge. A number of different gauging arrangements were tried for the 
rosette patterns but it was generally concluded that the use of demec gauges in these 
situations was inappropriate. The strain changes at any distance away from the hole 
were too small to be accurately assessed using these gauges. 
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The strain release patterns obtained after coring was completed generally indicated 
that the maximum compressive stress was in the hoop direction, around the 
circumference (table 7.15). 
Ring Core 
Principal Strains (microstrain) 
Demec Arrays VW 
No. SIze Core Hole a~ay (mm) max: mIn angle max: . angle mIn max: mIn angle 
----------------------------------------------------------------------------------------------------------------
BR144 152 -7 -90 6° 80 -90 5° 2 -29 _1° 
77 lost lost 24 -113 _1°* 3 -31 4° 
CL144 152 -32 -89 -23°* 53 -95 0° 2 -39 4° 
77 lost lost 61 -61 12°* 5 -25 -16° 
CR145 152 11 -75 11° 50 -68 _4° 0 -35 0° 
77 -7 -113 -11° 88 -56 -13° 9 -34 _4° 
BR175 152 -62 -99 14°* 110 -126 2° 6 -45 _1° 
77 4 -88 _6° 69 -81 _8° 11 -22 -14° 
----------------------------------------------------------------------------------------------------------------
B-bottom, C-crown, R-right, L-Ieft, *-average of three readings 
----------------------------------------------------------------------------------------------------------------
Table 7.15 Principal strains determined from coring precast linings. 
There was a good degree of consistency, particularly in the case of the VW strain 
gauge rosettes. Surprisingly, there were considerably higher longitudinal strains 
across the hole, similar to those experienced in the case of bending of beams. In this 
case it seemed likely that the variation in stress across the section, which had been 
demonstrated by the jacking test, had lead to enhanced strains in this direction. 
Additionally, the holes were placed close to the boundary of the segments and the 
tunnel could not be thought of as continuous in the longitudinal direction. 
The stresses were derived from the principal strains assuming plane stress 
conditions (table 7.16). This assumption could not be considered as entirely correct 
as there was obviously a three dimensional stress state existing which could not be 
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accounted for. Despite this, there was a good degree of compatibility between 
the predicted stresses, obtained from the demec and VW strain gauges. Average 
results from the core and across the hole for the internal surface ranged between 
1.6-3. IN /mm2. The VW strain gauges generally indicated slightly higher stresses of 
between 2.2-4.6N/mm2. 
Position 
Estimated stresses (N/mm2) 
Ring number and core size (mm) 
and direction BR144 CL144 CR145 BR175 
152 77 152 77 152 77 152 77 
-----------------------------------------------------------------------------------------------------
Core long 3.3 3.4 2.6 4.1 3.9 3.1 
trans 0.7 1.6 0.0 0.9 2.8 0.3 
ave 2.6 1.8 2.6 3.2 1.1 2.8 
-----------------------------------------------------------------------------------------------------
Hole long 1.3 -1.1 0.2 1.1 0.6 2.1 1.7 1.0 
trans -1.8 -3.5 -2.5 -1.1 -1.6 -0.5 -2.6 -1.6 
ave 3.1 2.4 2.7 2.2 2.2 2.6 4.3 2.6 
A V. CORE + HOLE 
long 2.3 1.8 1.6 3.1 2.8 2.1 
trans -0.6 -0.5 -0.8 0.2 0.1 -0.7 
-----------------------------------------------------------------------------------------------------
VW long 2.2 3.7 3.0 2.8 2.7 8.3 3.2 4.6 
trans 0.9 1.5 1.2 0.9 1.1 2.5 1.0 0.2 
ave 1.3 2.2 1.8 1.9 1.6 5.8 2.2 4.4 
B-bottom, C-croWll, R-right, L-Ieft 
-----------------------------------------------------------------------------------------------------
Table 7.16 Stresses predicted after coring precast linings. 
~.6.2 In situ linings -r 
Incremental drilling was used in rings 1 and 2 and the rosette of VW strain gauges 
was monitored at various depths. High strains were released in the hoop direction 
during removal of the 150mm diameter cores on the left side of rings 1 and 2. The 
demec and VW gauges detected peak values which were later attributed to cracking 
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on the back face due to bending. The presence of bending stresses and the 
possibility of movement in the neutral axis due to tensile cracking on the rear face 
had not been anticipated. The release of peak compressive stresses on the front face 
during coring, followed by tensile stresses beyond the neutral axis could influence 
the strain measurements on the surface. It was considered that the incremental 
approach might provide a guide to the likely neutral axis position. Such 
information would be useful for estimating the stress distribution across the section 
and the stresses in the steel ribs. Thus, two additional vertical VW gauges were 
applied above and below extra 152mm cores. Strain and temperature readings were 
recorded after every 25mm of penetration so that a strain release profile was 
obtained (figure 7.9). 
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In ring 1, during the first 75mm of penetration, there was a gradual increase in the 
tensile strains as compressive stresses were released from the cored position. The 
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curve levelled out at 125mm suggesting that very little compressive stress was 
released at this depth. The VW gauges then registered compressive strain changes 
as tensile stresses were released by the coring process. The estimate of the neutral 
axis position for ring 1 was thus considered to lie in the region of 150 - 175mm from 
the front face. Unfortunately the core in ring 2 did not pass into the cracked zone 
and therefore did not experience the same strain changes. However, by comparing 
the depths of cracks in the original cores, it was estimated that the neutral axis 
would lie between 125-150mm from the front face. 
The strain patterns released on coring (table 7.17) indicated that the major principal 
stresses were close to the hoop and longitudinal directions. Inspection of the hoop 
strains suggested distinct patterns of behaviour for the inclined and horizontal 
sections of the adit and the back shunt of the marshalling tunnel. The high strains 
released on the first two rings, in the horizontal portion of the adit, indicated that 
these sections were subject to high stresses. In rings 3 and 4 on the inclined 
section, the strain patterns suggested that asymmetric loading existed. The values 
for the left hand side, corresponding to the land side, were larger than the results on 
the seaward side. The core results for rings 5 and 6 in the marshalling tunnel 
were considerably lower than in the other rings and suggested that very little arch 
action had developed in this section of the in situ lining. In particular, ring 5 
demonstrated that there was little load transference between the soil and the 
outside of the tunnel. This was later confirmed by cores taken through the roof 
section which showed that large voids were present along the upper portion of the 
tunnel at this position. 
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Ring No. 
and core 
SIze max 
VW array 
rosette 
min angle 
Principal Strains (micros train) E 
Demec arrays (kN /mm2) 
Core Hole 
max min angle max min angle 
---------------------------------------------------------------------------------------------------------------
1 R-150 
R-75 
1 L-150 
L-75 
35 
43 
30 
44 
-94 
-91 
-114 
-98 
5° -24 -306 _1° 259 -120 
2° -7 -267 3° 281 -172 
2 -348 
4° -27 -306 
5° 280 -68 
1° 296 -139 
3° 32 
3° 32 
0° 31 
1° 31 
---------------------------------------------------------------------------------------------------------------
2 R-150 
R-75 
2 L-150 
L-75 
3 R-150 
R-75 
3 L-150 
L-75 
56 
54 
48 
51 
20 
17 
6 
42 
-122 9° 18 -372 4° 355 -178 5° 32 
-132 14° 66 -340 18° 443 -165 10° 36 
-139 _2° 54 -421 _5° 374 -137 _4° 34 
-73 _1° 95 -215 _3° 326 -185 _4° 31 
-49 -29° -4 -136 -26° 116 -71 -29° 30 
-63 -14° -52 -132 15° 215 -167 _7°* 33 
-50 4 -177 16° 164 -114 11° 29 
-77 14° 25 -199 _6° 233 -177 
---------------------------------------------------------------------------------------------------------------
4 R-150 
R-75 
4 L-150 
L-75 
12 
43 
44 
41 
-24 -26° 13 -45 -32° 91 -69 -17° 32 
-73 _9° 118 -133 _4° 236 -160 _6° 28 
-102 _2° -48 -338 _2° 274 -118 _4° 32 
-79 _5° -10 -274 _5° 255 -143 _7° 30 
---------------------------------------------------------------------------------------------------------------
5 R-150 
R-75 
5 L-150 
L-75 
18 
15 
19 
21 
-6 _3° -22 -71 _5° 19 -40 _8° 26 
-33 -16° 41 -136 -19° 74 -78 -130 26 
3 -19° -46 
4 15° 73 
-95 8 -63 12° 26 
-53 _9° 10 -87 _2° 26 
---------------------------------------------------------------------------------------------------------------
6 R-150 
R-75 
6 L-150 
L-75 
21 
6 
18 
30 
-24 
-27 
-37 
o 
00 -38 -176 _3° 122 -49 _3° 26 
0° 35 -70 21° 123 -119 _1° 23 
0° 15 -148 4° 84 -50 2° 34 
2° 28 -63 6° 61 -78 _5° 27 
---------------------------------------------------------------------------------------------------------------
* -average of three readings 
---------------------------------------------------------------------------------------------------------------
Table 7.17 Principal strains determined from coring in situ linings. 
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The poorer quality of the in situ cast concrete, compared to the precast segments, 
was reflected in the 10wer values for elastic modulus of 26-36kN/mm2, with an 
average of approximately 31kN/mm2. The values for the modulus were determined 
from in situ jacking tests and laboratory compression tests and were used to 
evaluate the existing state of stress in the linings (table 7.18). The lower rings 1 and 
2, in the adit tunnel, were under hoop stresses of 8-10N/mm2 and reached a peak in 
ring 2 where the stresses were up to 12.SN /mm2. Further up the slope of the tunnel 
the stresses reduced so that ring 3 experienced a lower stress regime than ring 4. 
The stresses on the right side of ring 4 were considerably reduced due to the nearby 
presence of a pumping chamber. 
The marshalling tunnel was under a considerably reduced stress of about 2N /mm2. 
In particular, it was evident that no load was carried by ring 5 due to the presence of 
large voids between the concrete and surrounding strata. 
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Position 
and core 
size (mm) 
VW Rosette 
hoop vert diff 
Estimated stresses (N /mm2) 
Core Hole 
hoop vert diff hoop vert diff 
Av. demec 
hoop vert 
------------------------------------------------------------------------------------------------------------
1 R-150 
R-75 
1 L-150 
L-75 
7.6 0.9 6.7 10.1 2.3 7.9 6.5 0.2 6.3 
7.6 0.1 7.5 8.8 1.5 7.2 6.2 -1.1 7.4 
9.4 2.2 7.2 11.0 1.6 9.4 7.8 2.2 5.6 
7.7 1.1 6.6 9.8 2.3 7.5 7.0 0.1 6.9 
8.3 1.3 
7.5 0.2 
9.4 1.9 
8.4 1.2 
------------------------------------------------------------------------------------------------------------
2 R-150 
R-75 
2 L-150 
L-75 
3 R-150 
R-75 
3 L-150 
L-75 
4 R-150 
R-75 
4 L-150 
L-75 
7.9 -0.9 8.7 12.1 1.2 10.9 8.6 -0.3 8.9 
12.9 1.2 11.7 12.2 -0.6 12.7 12.9 1.8 11.1 
12.0 1.8 10.2 14.4 0.3 14.0 10.6 1.6 9.0 
4.4 -2.1 6.5 6.6 -0.4 7.0 7.2 -0.8 8.1 
3.6 0.3 3.3 2.1 -1.1 3.2 2.5 -0.5 3.0 
6.1 1.5 4.6 4.7 2.4 2.3 6.5 1.0 5.5 
-1.3 -1.4 0.1 5.2 0.7 4.6 3.2 -1.0 4.2 
6.8 1.2 5.6 6.2 0.2 6.0 4.5 -2.0 6.5 
1.8 -0.1 1.9 1.4 -0.2 1.6 1.9 -0.8 2.7 
6.4 3.3 3.1 3.3 -2.8 6.1 -1.9 -3.5 1.6 
9.5 1.4 8.1 11.3 3.2 8.1 7.0 0.5 6.5 
6.0 -0.3 6.3 8.5 1.6 6.9 5.5 -0.6 6.1 
10.4 0.5 
12.6 0.6 
12.5 1.0 
6.9 -0.6 
2.3 -0.8 
5.6 1.7 
4.2 -0.2 
5.4 -0.9 
1.7 -0.5 
0.7 -3.2 
9.2 1.9 
7.0 0.5 
------------------------------------------------------------------------------------------------------------
5 R-150 
R-75 
5 L-150 
L-75 
-0.2 -1.2 1.0 1.0 -0.5 1.5 0.0 -0.8 0.8 
0.7 -1.2 1.9 3.5 -0.6 4.1 0.9 -1.1 2.0 
-1.7 -2.8 1.1 2.7 1.5 1.2 -0.6 -1.6 1.0 
-1.2 -2.0 0.8 1.1 -1.7 2.8 -0.8 -2.1 1.3 
0.5 -0.7 
2.2 -0.9 
1.1 -0.1 
0.2 -1.9 
------------------------------------------------------------------------------------------------------------
6 R-150 
R-75 
6 L-150 
L-75 
1.5 -1.0 2.5 6.3 2.2 4.1 3.4 0.4 3.0 
2.2 0.6 1.6 1.8 -0.7 2.5 1.7 -1.6 3.3 
2.3 -0.1 2.3 3.9 0.2 3.7 1.6 -0.2 1.8 
-1.1 -2.3 1.2 1.4 -0.4 1.8 0.5 -1.1 1.6 
4.9 1.3 
1.8 -1.2 
2.8 0.0 
1.0 -0.8 
------------------------------------------------------------------------------------------------------------
Table 7.18 Stresses predicted after coring in situ linings. 
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7.3 Conclusions 
It has been shown that the indirect coring method can produce estimates for in situ 
stresses close to those determined using the resulting levels of prestress obtained 
from direct measurements. In addition, the technique has been compared to other 
indirect methods, such as the two-point load test, and similar values have been 
obtained. Comparisons have shown that there is little difference between the 
stresses predicted using the 150mm and 75mm diameter core sizes. However, the 
150mm core should be used where possible as this utilises gauge lengths more 
appropriate to the size of aggregate. 
Where no bending occurs the core, hole and rosette results are very similar. 
However, as all the gauging methods occasionally deviate from the expected values 
a combination of gauging arrangements should be used in order to obtain an 
average result and identify areas where microcracking has occurred. 
In the case of bending of beams, it has been seen that an enhancement of strains 
released on the core and across the hole appear to cancel one another. Using an 
averaging of the results obtained from strain release patterns provides a simple 
method of determining the stress levels in this more complex situation. 
The use of the in situ coring technique to determine low levels of in situ stress, as 
occurred in the Taf Fawr Bridge, indicated the applicability of the method to 
general concrete structures. In addition, the technique has also been used in an 
ordinary reinforced concrete structure subject to an applied stress. The consistency 
of the results confirmed the validity of using this technique. 
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CHAPTERS 
CONCLUSIONS AND RECOMMENDATIONS 
8.1 General Conclusions 
It has been shown that the theoretical prediction of existing levels of stress in 
prestressed concrete structures is very complex. This is primarily due to 
uncertainties in the evaluation of the long-term effects of creep and shrinkage of the 
concrete and relaxation of the prestressing steel. Methods which provide a measure 
of the levels of in situ stress can be invaluable if it is necessary to assess the current 
ability of a structure to carry load. The coring stress-relief technique has been shown 
to provide a means by which this can be achieved. This method bridges the gap 
between design and assessment. 
In designing the test specifications, standard core sizes of 150mm and 75mm were 
used as these were commonly available. It was noted during an early full-scale test 
that, where the reinforcing steel within a section is highly stressed, severing the 
steel can affect the deformation around a hole. It was therefore important that 
consideration was also given to choosing core sizes which would enable the holes to 
be drilled between the reinforcing bars in a typical section, without severing the 
steel. Gauging arrangements were chosen to suit the size of core taken so that 
readings could be obtained from the core and across the hole using demec gauges 
and from vibrating wire gauges in a rosette surrounding the core position. The 
results of a finite element analysis had shown that these arrangements optimise the 
sensitivity of each gauge, so that the greatest strain release values could be 
measured. In addition, the maximum distance was maintained between the end of 
the gauge and the edge of the hole where micro cracking could occur. 
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A number of 100mm thick slabs of varying size were tested in the laboratory to 
validate the use of this technique. The elastic theory, relating the strains across 
the holes to the applied stresses, was applied considering the material to be 
isotropic, homogeneous and linearly elastic. The effects of the release of stress on 
the strain gauges across the hole and on the surrounding array were predicted using 
infinite plate theory. However, it was found necessary, because of edge effects on 
the small size test specimens, to mathematically model the test structures using a 
finite element analysis. The results obtained using this method were more consistent 
with the estimates from the tests than those using the infinite plate theory. It was 
generally considered that elastic theory was applicable to the stress-relief method 
assuming no microcracking occurred. The slabs tested were seen to suffer from 
large differential shrinkage strains which induced tensile self-equilibriating stresses 
on the surface where the strain measurements were taken. The 75mm cores were 
particularly susceptible to these differential shrinkage effects and wetting during 
coring. It was therefore concluded that the 150mm core was the preferred size. 
The effects of locked-in shrinkage stresses, reversible shrinkage during wetting, 
creep and creep recovery were all seen to hamper the use of this assessment 
technique. However, a good degree of consistency was noted on all of the slabs, 
especially on the older slabs where the effects of differential shrinkage were less. 
Comparisons of the differences between the maximum and minimum predicted 
stresses and the averages of the releases obtained from the core and across the hole, 
showed that the in situ stresses could generally be estimated to within + / -0.5N /mm2. 
It was concluded that stresses should be determined within 1-2 hours after coring. 
A newly developed direct method of measuring the residual strain in prestressing 
strands has proved very effective, although there is still some doubt about the 
accuracy of the method. It is not yet clear what value of elastic modulus should be 
considered for a strand group. On first loading the modulus approaches a value of 
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200kN/mm2, similar to that of plain steel. However, as the load in the strand is 
cycled interwire friction seems to raise the stress in the outer wires and the apparent 
modulus of the group reduces. The limited number of readings that can be taken on 
a strand may also prove to be a drawback when trying to assess the complete state 
of stress in a structure. This problem can be overcome by the use of full-scale 
deflection tests during demolition. These tests provide good results when 
determining the overall stresses in the structure, but they are limited in their 
application. It was generally concluded from the results of the full-scale tests, that 
the loss of prestress was greater than had originally been allowed for in the design. 
This was particularly true of the older post-tensioned structures where the measured 
levels of prestress indicated general losses of 30-40%, reaching as high as 60-70% in 
some instances. 
Two of the structures tested were investigated more closely using a number of 
international codes and recommendations. The full-scale tests on the post-tensioned 
concrete beams at Basingstoke showed that the losses ranged between 30-40%. 
Original allowances for losses were generally 15-25% in structures designed 
between 1955-1970. The various codes and recommendations investigated predicted 
losses of between 21-33% which underestimated the long-term level of losses 
obtained from the full-scale tests. However, the more recent methods due to 
Bazant and Panula and the CEB-FIP (78) Model Code, on which the new 
Eurocode 2 is based, produced better agreement with the losses determined from 
the site measurements but required more detailed knowledge of the construction 
data. Long-term losses of 31 % were predicted by CPl15 for a pretensioned box 
beam. Using other codes and recommendations produced similar results of 29-37%. 
These predictions compared closely with the test results which ranged from 29-36%. 
It was concluded that the international codes and recommendations investigated 
were best suited to determining the loss of prestress in pretensioned members and 
that the level of losses in post-tensioned structures were generally underestimated. 
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Although this underestimate generally has little detrimental effect in practise, this is 
not the case for segmental structures which require special consideration of the 
effects of elastic deformation and creep across thick in situ cast joints. 
The debonding measurements have demonstrated that, providing the grouting in a 
tendon duct is sound, the most important parameter controlling damage and 
debonding length is the quantity of shear steel around the cut point. Where the 
remaining space in a duct is limited, the grouting is likely to be ineffective and 
friction between wires or strands is not sufficient to prevent rapid release of the 
energy when severing a cable. 
The results obtained from the direct measurements of levels of prestress and hence 
in situ stress, were compared with the predicted levels obtained using the indirect 
coring method. A number of the structures were beam type members which were 
subject to a varying stress field due to bending within the span and increasing shear 
at the ends which caused enhanced deformations across the hole. However, 
averaging the estimated stresses, obtained from the different gauging positions, 
produced results close to those obtained using the direct method. A plain reinforced 
concrete structure was also investigated using the indirect method. The results from 
these tests indicated a good degree of consistency. It was concluded that the 
technique could be generally applied to concrete structures subject to a stress field. 
8.2 Further work 
A number of further experiments are necessary if the stress-relief technique is to be 
applied to concrete structures in general. Many structures have a larger cross-
section than that considered here. Thicker slabs should be constructed if the 
phenomenon of changing stress pattern across the depth of the section is to be 
evaluated. In addition a number of the structures tested in situ were subjected to the 
effects of bending and shear. The effects of these phenomena, on the deformation 
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of the hole in particular, have not been fully identified. Full-scale beams should be 
constructed and fully instrumented to ensure that the stress field is reasonably well 
known prior to testing. Cores could then be taken through the beams at positions of 
high shear and maximum bending to determine how these affect the interpretation 
of the stress-relief technique. 
Incremental coring during the field studies indicated that this technique may be 
particularly useful if a limited depth of coring is necessary. In pseudo-slab and beam 
and slab type construction, the only access to the prestressed members is available 
on the underside. If a measure of the existing stresses in such structures is to be 
carried out it would be necessary to core to a limited depth either between the 
tendons or to the depth of cover. It is suggested that a number of slabs are cored to 
varying depths and the resulting strain release patterns compared with the predicted 
full-release. Once this behaviour is understood, a number of prestressed 1- or T-
section beams should be cored through the top and bottom flanges to the depth of 
the steel and the resulting stress estimates compared with those obtained by coring 
completely through the web. 
As it is often the case that only one side of a member is accessible for gauging, it 
would be advantageous to have a technique which allows stresses to be determined 
through the depth of the section. Such a technique would also provide a means of 
evaluating a varying stress field. The development of an instrument to measure the 
internal release of strain, during overcoring, would require the insertion of a hard or 
soft inclusion into a predrilled hole. It is proposed that such a device should be 
developed in the form of either a solid cylinder, into which vibrating wire gauges 
have been cast, or a hollow tube, which is gauged on the internal face using a 
number of electrical resistance gauges. These devices should be installed, using an 
epoxy resin, into predriUed holes in a number of precast slabs and tested under a 
known loading regime. 
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APPENDIX A 
CONVERSION OF RELEASED STRAINS TO IN SITU STRESSES 
Ai Lia=htfoot method applied to ei2ht strain 2aua=e rosettes. 
Using the Mohr's circle of strain (figure A1.1) the corrected values registered by 
the gauges (number n) must satisfy the equations: 
er' = s+t cos2(~+er) 
The sum of the squared errors becomes: 
S = [er - s - t cos2(cp+er)]2 
2 
I 
I 
E2 : 
o 1--____ 5-+-___ ------; [ 
o 
Figure A1.1 Mohr's cicle of strain 
For minimum S the conditions are 
oS = 0, oS = 0, oS = ° 
os ot o~ 
Thus 
[er - s - t cos2( <t> + e r)] = ° 
{cos2(<I>+er)[er - s - t cos2(<l>+ e r)]} = ° 
{sin2(~+er)[er - s - t cos2(~+er)]} = ° 
A1.1 
A1.2 
A1.3 
Al.4 
A1.5 
A1.6 
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Writing 
er = K, ercos28r = L, ersin2er = M 
and 
cos28 r = C2 ' sin28 r = S2 
cos48r = C4 , sin48r = S4 
Equations AlA to AL6 reduce to: 
ns + t [cos2q>C2 - sin2~S2] = K AI. 7 
s [cos2~C2 - sin2<bS2]+t [n+cos4~C4 - sin4~SJ = Lcos2<1> - Msin2<1> A1.8 
2 
s [sin2~C2+cos2<1>S2]+t [cos4<l>S4+sin4~C4] = Lsin2<j> + Mcos2<1> A1.9 
2 
These solve to give a single equation for <I> 
n [L( cos2<1>S4 + sin2<1>C4 - n sin2(j» - M (cos2<j)C4 - sin2~S4 + n cos2<1»] 
+ 2 (MC2 - LS2)( cos2<j)C2 - sin2CPS2) 
= K [cos2<j>(C2S4 - S2C4) + sin2<j> (C2C4 + S2S4) - n (sin2CPC2+cos2~S2)] A1.10 
By solving for <I> in equation AL10 and substituting in equations A1.7 to A1.9 sand 
t can be determined and hence the principal strains can be evaluated. 
For the case of eight gauges where: 
8 a = 0° , 8b = 22.5° , 8 c = 45° , 8 d = 67.5° 
Se = 90°, Sf = 112.5°, Sg = 135° ,Sh = 157.5° 
K = (ea +eb +ec +ed+ee +ef+eg +eh) 
L = (ea +eb - ed - ee - ef+eh) = 1 (J2ea +eb - ed -nee - ef+eh) 
- - --
/212 1212 
M = (eb + e c + e d - ~ - e g - eh) 
12 fin fI 
C2 = C 4 = 52 = S 4 = 0 
2 
= l(eb+J2ec +ed - ef-12eg - eh) 
2 
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FromA1.10 
tan<l> = -M = -(J2L:3 -~ - L4) 
L (nL1 +~ - L4) 
FromA1.7 
s = K 
n 
FromA1.8 
t = 1 (L2+ M 2)o.5 
4 
t = 1 [L12+ ~2+ L:32+ L42+J2(Ll~+ ~L:3+ L:3L4 - L1L4)]O.5 
4 
Where 
A1.11 
AI.12 
A1.13 
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A2 Strains released across a hole 
Muskhelishvili [110] proposed an expression for the radial displacements around a 
circular hole in an infinite plate subject to a uniform, uniaxial tension. For a uniaxial 
tension of 1N/mm2 the deformation at a point can be considered as: 
8Gvr = l{(x - 1)r2+2R2+2[R2(x+ 1)+r2 - R4]cos2e} A2.1 
r 
where 
G = E 
2(1 +}l) 
x = 3 - P 
1+}l 
r = radius considered R = radius of hole 
For displacements in a plain infinite elastic medium: 
vr = ~[cos2e -}l sin2e] 
E 
A2.2 
Considering the removal of a core as the superposition of one stress field on the 
other, the resultant displacements can be given by the equation: 
vr = 1 {(x - 1) r2+2R2+2[R2(x+ 1)+r2 - R4]cos2e} - r [cos2e - p sin2e)] A2.3 
8Gr r2 E 
If v r is the radial deformation at a point away from the centre of a hole then the 
strain relative to that point can be given by dividing equation A2.3 by r. 
Substituting for G and x, and cancelling by r2: 
e
r 
= (1 +p){ (3 - }l) - 1 + 2F2+ 2 [F2«3 - }l) + 1) + 1 - p4]cos2e} 
4E (1+}l) (1+}l) 
Where: 
- 1 [cos2e - }l sin2e] 
E 
F = (radius of hole) 
(radius considered) 
A2.4 
2.30 
er = (1+¥){(3 - P -1- p)+2F2+[2F2(3 - p+1+p)+2 - 2F4]cos28 - 2 (1- p) - 4 cos28} 
4E 1+p 1+¥ (1+p) (1+p) 
er = (1+p){2F2+(BF2- 2F4)cos28} 
4E 1+p 
For the principal strains at 0° and 90° 
eo = (1+p)(A+B) 
4E 
where 
e90 = (1 +p)(A - B) 
4E 
A = 2p2 and B = BF2 - 2p4 
1+p 
Considering the apparent stresses 01', 02' then 
(Jl' = ~ (eO+¥e90) 
1- p2 
(Jl' = ~ [A(1 +p) + B] 
4 (1 - ¥) 
(J2' = ~ (pea + e90) 
1- p2 
(J2' = 1 [A(1 +p) - B] 
4 (1-p) 
A2.5 
These equations can be transposed to produce the formulae for the modifying 
coefficients: 
A1 = (1 - p) + (1 +p) A2.6 
2F2(1 +p) BF2 - 2F4(1 +p) 
A2 = (1- p) (1 +p) A2.7 
2F2(1+¥) BF2 - 2F\1 +¥) 
Thus the true principal stresses can be determined from: 
OJ. = Ai A2 CJ' 1 A2.B 
(J2 A2 Ai CI' 2 
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A3 VW strain 2au2e rosettes 
The radial strain at a point, outside a hole drilled into a plate, can be obtained from 
the equations for displacements produced by Muskhelishvili, given in equation A2.3. 
In this instance the radial strain at a point can be obtained from the solution of: 
e = V r r 
r 
Thus, for a unit stress field: 
vr = er = (1 +ll) [2(1 - p) - 2R2 + {_R2 + 2 + R4} cos 28] 
4E (1 +p) r2 (1 +p)r2 r4 
- 1 [(1-11) + (1+11)cos28] 
E 2 2 
er = -(1 +p) [ 1- 3cos28 + 4 cos28] A3.1 
-
2E f2 t4 (1 +p) f2 
where 
f = radius considered 
radius of hole 
However, for the vibrating wire gauges which have a finite length this equation 
must be integrated over the gauge length. Thus: 
eav =_1_ fer df 
f2 - f1 
eav = -(1 +p) [- ~ + cos28 - 4 cos28 ] f2 
2E(f2 - f1) f f3 (1 +p) f f1 
A3.2 
eav = -(1 +p) [-1 + cos2e - 4 cos2e - (-1 + cos28 - 4 cos28 ) ] 
2E(f2-f1) f2 f23 (1 +p) f2 f1 f13 (1 +p) f1 
This reduces to: 
eav = -(1 +p) [ 1 - f23-f13 + 4 cos28] A3.3 
2E f1f2 f13f23(f2-f1) (l+p)f1f2 
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For the principal strains at 0° and 90° 
eo = -(I+}l)(A+B) 
2E 
where 
e90 = -(1 +}l)(A - B) 
2E 
A = -( 1 + p) and B = -( 1 + f) [ 4 f23 - f13 ] 
fl
3fl(f2 - f1) 
---
Considering the apparent stresses aI', a2' then 
0-1' = E ( eo + pe90) 
(1 - }l2) 
CY1' = EA + EB 
(1 -}l) (1 +p) 
CY2' = E ( }leo + e90) 
(1 _ p2) 
CY2' = EA - EB 
(l-p) (1+}l) 
These equations can be transposed to produce the formulae for the modifying 
coefficients: 
Bl = -flfil- p) + (1 +}l)fI3f2\f2 - f1) 
2(1 +}l) 8f?f22(f2 - f1) - 2(1 +p)(f23 - f13) 
B2 = -flf2(1 - p) - (1 +}l)fI3fl(f2 - f1) 
2(I+p) 8fl2t22(f2 - f1) - 2(1+}l)(f23 - f/) 
Thus the true principal stresses can be determined from equation A2.8: 
0' 1 
0' 2 
A3.4 
A3.5 
A3.6 
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B 1 Slab details 
Slab Size 
mm 
APPENDIXB 
TEST SLABS DETAILS 
Core Cast Test 
SIze date date 
Test Age 
type days 
------------------------------------------------------------------------------------------------------
1 1200x1200 150 12/02/87 5/05/87 Uniaxial 83 
2 1000x1000 150 12/03/87 27/07/87 " 137 
3 80Ox800 150 9/08/87 13/10/87 " 65 
4 1000x1000 75 14/05/87 2/07/87 " 49 
I " 150 10/08/87 27/10/87 " 79 
II " 150 13/08/87 5/11/87 " 84 
III " 150 17/08/87 17/11/87 " 92 
IV " 75 20/08/87 25/11/87 " 97 
V " 75 24/08/87 3/12/87 " 101 
VI " 75 27/08/87 22/12/87 " 117 
VII " 150 2/09/87 22/02/88 Biaxial 173 
VIII " 150 7/09/87 7/03/88 " 181 
IX " 150 10/09/87 28/03/88 " 199 
------------------------------------------------------------------------------------------------------
1 - 4 Preliminary test slabs 
I - IX Main test slabs 
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B2 Elastic constants determined from laboratory tests 
Slab Poisson's Young's modulus (kN /mm2) 
ratio Prism tests Loading of slabs Average 
u 1 2 VW Demec taken 
140mm64mm Ros. Mid. 
-----------------------------------------------------------------------------------------------
1 0.16 33.5 33.3 35.3 33.8 44.3 41.8 38.8 
2 0.17 30.0 30.1 27.6 29.1 38.2 37.5 33.4 
3 0.17 31.3 31.4 33.7 35.9 43.5 36.7 37.5 
4 0.16 32.1 32.0 36.5 40.6 37.1 38.1 
I 0.18 34.8 34.6 34.8 34.5 34.8 37.5 35.4 
II 0.14 33.6 34.5 37.6 35.2 34.8 36.8 36.1 
III 0.18 33.5 33.6 39.9 40.1 39.0 34.0 38.3 
IV 0.17 34.4 33.9 30.1 40.9 37.4 36.1 
V 0.15 34.0 34.0 30.3 30.8 36.8 32.6 
VI 0.15 36.0 35.6 34.0 37.1 37.4 36.2 
VII 0.15 34.2 34.1 33.3 37.4 32.4 36.1 34.8 
VIII 0.17 34.5 35.0 34.7 40.9 38.9 39.5 38.5 
IX 0.16 32.6 32.7 37.1 37.3 40.8 41.0 39.1 
-----------------------------------------------------------------------------------------------
C1 Basin2stoke brid2e beams 
el.1 Introduction 
APPENDIXC 
CASE STUDIES 
During October 1983 four post-tensioned bridge beams were donated by 
Hampshire County Council for research purposes [118]. The 13 year old beams 
had originally been cast as part of a bridge widening scheme for an overbridge over 
the new Ring Road but they had never been used. Despite attempts to incorporate 
the beams into other projects they had remained on the central reservation of a 
dual carriageway, exposed to the elements. The aim of the research project was 
to measure the forces remaining in the beams and hence determine the long-
term losses in prestress. A carefully controlled demolition sequence was used and, 
in order to simulate the effects of broken or corroded cables, progressive cutting 
was employed. 
Cl.2 Beam details 
The beams were 28.2m long I-sections (figure Cl.1), weighing nearly 40'tonnes 
and containing three longitudinal post-tensioned cables. Each cable consisted of 
12 No./15mm diameter strands designed to carry a prestressing force of 1910kN. 
The beams also contained nominal longitudinal reinforcement, in the top and 
bottom flanges, with 10mm mild steel stirrups at 760mm centres at midspan 
acting as shear reinforcement. 
The original design calculations had been completed by Hampshire County Council 
during 1968. These calculations had originally been carried out in accordance with 
CPl15 and the design office anticipated a value for losses of 22.5%. As the beams 
had never been incorporated into the widening scheme, they had never been 
subject to the superimposed dead or live loads which they were designed to carry. 
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Figure C1.1 Basingstoke bridge beams 
The demolition sequence required each of the side cables to be cut in turn prior to 
the central cable. As a safety precaution, large steel plates were placed over double 
layers of sleepers at each end and tied back into the beam. This was designed to 
prevent the possible ejection of cables and anchorages during the process of cutting 
the cables, if the grouting proved to be incomplete. In the event, the cable grouting 
was seen to be in excellent condition and effectively damped the release of energy 
at each cut point. 
C1.3 Instrumentation 
Six plain concrete cores of 162mm and I07mm diameter were taken at various 
locations through the web of each beam. These cores were required for strength 
and elastic modulus testing, as well as providing an opportunity to use the non-
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destructive stress-relief method for assessing stresses. A 45° rosette of demec pips 
was attached to the surface of the concrete around each core position, to 
measure the change in strain exhibited by the concrete on coring. The measured 
strains were then used to predict the level of prestress remaining in each of the 
beams. In addition, the prestressing cables were exposed at positions which 
corresponded with the cores so that direct measurements of the steel strains could 
be made. In each case, cores and cable strains were measured at midspan, at 
each quarter point and at positions adjacent to the end blocks. 
Simulation of broken or corroded cables involved progressively cutting through 
each cable in turn and using each cut as a separate load case. Demec pips were 
attached to the top face of the bottom flange along the line of the outer duct. These 
gauges were used to measure the length over which break down of bond occurred 
between the cables and the surrounding concrete as they were cut. At the same 
time vibrating wire strain gauges (VWs) were used to monitor the resulting 
changes in bending strain. These gauges were positioned two metres from 
midspan, where the bottom flange was still intact (figure el.2). 
Horizontal and vertical deflections were measured, with a theodolite and a preCIse 
level aimed at targets positioned along the length, prior to and during cutting of 
each side cable. The cutting procedure started at midspan and progressed to each 
of the other cut points in turn. 
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Figure e1.2 Instrumentation of the Basingstoke beams 
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C2 Ramsden Secondary School. Orpinl:lon. 
C2.1 Introduction 
The Ramsden Secondary School in Orpington was generally constructed using 
the "Intergrid" roofing system, which was a popular lightweight form of construction 
used in the early sixties. The 25 year old building became the subject of a detailed 
survey when it became apparent that a number of the prestressing wires had become 
corroded [118]. On inspection it became evident that deterioration of the 
prestressed units was occurring, particularly in the kitchen area where there was 
high humidity and temperature. Suspicions were confirmed when analysis of 
concrete samples revealed that the mix contained calcium chloride. The London 
Borough of Bromley made the decision to demolish and re-build the entire 
structure in stages, over a period of several years, so that the school could remain 
occupied. The girls' changing rooms were chosen as a pilot study for the demolition 
project and as a result an end section was retrieved for instrumentation in the 
laboratory. Further demolition progressed to the main hall and a complete beam 
from this section was also returned for laboratory testing [119]. 
C2.2 Details of test specimens 
The Intergrid system comprised externally prestressed pnmary and secondary 
beams in a grillage arrangement. Each of the precast segments was post-tensioned 
by two pairs of 5mm diameter wire stressed from opposite ends. The wires were 
covered by a layer of hand-tamped mortar which was then sealed with bitumen 
(figure C2.1). 
240 
cs(n I~?J ~ic=?:jc?J!t5iiC§J cs=::Ji ~ 
9 m SPAN JOints : 
-Two 5mm £l prestressing wires 
~3mm corrugations 
,', I) 
9m PRIMARY BEAM 
< ~~~±:::::fd 
""-, Profile followed ")0' L / by wires / eflectlng dowels A 1 YVATION 
+: 
\76 mm ext dlam 
collar deflecting 
wires 1BO' 
PLAN 
I: : i=( 
Figure C2.1 Details of "Intergrid" primary beam, Orpington. 
t~ote 
Prestressing wires covered 
by a minimum 10mm layer 
of hand tamped mortar 
E' 
N: 
N, 
~' 
rn 
. ___ ---1-1 'c. 
Anchorages -
second set of wires 
stressed from 
other end 
= 
The method of demolition was based upon shearing of the concrete beams using an 
hydraulically powered device which left the wires intact. A light arrangement of 
scaffolding was provided beneath to prevent collapse. 
No calculations were available for these beams, but the construction drawings 
included a summary of the cable extensions and indicated that an allowance of 15 % 
had been made for prestress losses. It was therefore possible to establish that a 
residual prestress of 145kN per beam had been allowed for in the long-term. 
Although the maIn body of the building was constructed usmg the Intergrid 
system, the hall roof comprised 12.2m long beams. The beam to be instrumented 
was removed from the roof and transported back to the laboratory. These beams 
were made from three post-tensioned inverted T-sections (figure C2.2). 
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The post-tensioning was applied by way of two tendons consisting of four, 7mm 
diameter plain wires. Designed to CPl15 to carry 196kN per cable at transfer, the 
wires were tightly packed within 20mm square ducts which created friction losses 
and left little room for grout. Light steel was provided longitudinally, along 
the top and bottom of the beam, and the shear reinforcement comprised mild 
steel bars of 5mm diameter at 250mm centres, in the midspan region. As with the 
Intergrid beams, long-term losses of only 15% were considered to allow for creep 
and shrinkage of the concrete and relaxation of the steel. 
C2.3 Instrumentation 
Direct measurements of levels of prestress were made on the pnmary and 
secondary beams in the girls' changing rooms, by instrumenting individual wires. In 
addition the end segment retrieved and returned to the laboratory was also 
instrumented on exposed wires. VW strain gauges were placed along the mortar 
242 
fillet and on the soffit (figure C2.3), in order to determine the effect of cutting the 
WIres. 
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Figure C2.3 Instrumented end section, Orpington Intergrid system 
In the case of the hall roof beam, the indirect conng method of stress 
determination was used. Six points along the length were instrumented, for 
150mm cores, using 45° rosettes of demec gauges. In addition to this, 65mm VW 
gauges were placed on the back face of two of the cores in order to pick up the 
strain change in the section as coring commenced. Once coring had been 
completed and the strain release patterns measured, the cored holes were 
extended down to the prestressing ducts to expose the wires (figure C2.4). 
Individual wires were gauged with demec pips, using a 50mm gauge length. To 
prevent the wires springing apart the bundle of wires was restrained using Jubilee 
clips. Unfortunately, during transit, the beam had cracked at midspan which meant 
that measurements of deflections and bending strains were not possible. 
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Figure C2.4 Orpington roof beam - exposed and instrumented wires 
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C3 British Rail li2htin2 2antries, Willesden 
C3.1 Introduction 
A number of lighting gantries were designed in 1952 by British Rail for the sidings 
at Willesden. As part of a proposed extension to the existing carriage shed, it was 
necessary to demolish a single bay of five of the four bay gantries. The gantries were 
essentially small foot-bridges segmentally constructed from precast U-beams 
supported by precast post-tensioned columns. Two of these columns were made 
available for testing. Unfortunately, due to time pressures imposed on the 
demolition contractor, no assessment could be made of the losses in the beams 
although it was noted that they were visibly sagging under their own weight. 
Previous research by Felstead and Lindsell [128] indicated that losses in such 
structures could exceed 50%. 
C3.2 Column details 
The columns (figure C3.1) were post-tensioned by 2 cables of 12 No./7mm diameter 
wires, spaced apart by a helical spring. The anchorage system was of interest as it 
appeared to be an early form of Freyssinet multi-wire system, which gripped the 
wires individually by means of a fluted male cone. 
As there were no calculations or further information available, it was assumed that 
the cables were originally stressed to 70% of their tensile strength. The concrete 
specified was class B which corresponded to a minimum required cube strength of 
34N/mm2 at 28 days. However, as the Young's modulus could not be predicted, a 
range of values was taken in order to predict upper and lower bounds for the 
prestress losses. 
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Figure C3.1 Details of post-tensioned columns, Willesden. 
The demolition sequence involved cutting each cable near the top of the column 
and then repeating the process near the base. Large steel plates were placed over 
the ends of the columns to prevent the release of anchorages or wires through the 
concrete cover. An uncontrolled release was possible in this case as there were large 
voids in the ducts which had caused the grout to carbonate to such an extent that the 
colour had changed from grey to white. 
C3.3 Instrumentation 
Direct measurements on the WIres were used to evaluate the residual strain 
remaining in the steel and the prestress losses were estimated. VW strain gauges 
positioned on the surface at approximately mid-height were used to determine the 
bending strains induced as cutting continued. The results of these measurements 
were used as further indications of the stress levels remaining in the columns. 
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C4 Abercynon brid2e beams 
C4.1 Introduction 
In June 1985 an access bridge above the town of Abercynon, South Wales was 
dismantled and replaced [119]. The eighteen month old bridge consisted of a 31.4m 
long two cell post-tensioned deck, built with a cross-fall of just over 4m. The 
dismantling process involved cutting the deck longitudinally into three "beams", so 
that two T-sections and an inverted T-section were produced (figure C4.1). Each of 
the 200t sections was carefully lifted out of position, maintaining the longitudinal 
centre of gravity in the original position to ensure the beams did not tilt out of 
control (figure C4.2). 
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Figure C4.1 Abercynon post-tensioned bridge deck 
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The beams were placed on low-loaders which transported them away from the site 
to a position where demolition could be carried out. Supports were provided at 
either end with props positioned to prevent overturning during demolition. Timber 
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sleepers were placed beneath the cut positions to catch the debris as the segments 
were broken into large pieces. 
Figure C4.2 Lifting of Abercynon "beams". 
The post-tensioning system in each beam section comprised 4 No./17 strand cables 
designed to carry 3305kN / cable. The original design to BS5400 made allowances for 
25% loss of prestress in the long-term. 
C4.2 Instrumentation 
The time restrictions placed on the demolition contractor meant that the research 
study could only concentrate on direct measurements of prestress levels and the 
c 
effects of cutting on the surrounding concrete. Demec gauges were placed on 
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individual wires exposed at either end of the beams where the cables were deflected 
upward into the webs. At other positions the cables were inaccessible for monitoring 
purposes. Lines of demec and 140mm VW strain gauges were placed either side of 
the intended cut positions, along the line of the ducts. Surface strain measurements 
were made at midspan, the quarter points and at either end. Additional 
instrumentation was placed, around the positions where direct measurements were 
to be made, to measure the transverse bursting strains created by cutting. 
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C5 Tallin210n "top hat" box beams 
C5.1 Introduction 
During 1985 eight "top hat" bridge beams were made available for research 
purposes, by Dow-Mac Concrete Limited in Tallington [120]. Cast in Dow-Mac's 
precasting yard 17 years previously, the pre tensioned box beams were originally 
designed by G. Maunsell & Partners for the extension of Western Avenue in 
London. Detailed casting records were available together with limited information 
on the design calculations. 
A number of conventional techniques have been used to demolish prestressed 
concrete structures in the U.K. These traditional methods include the demolition 
ball, impact breaker and burning, thermic lance, diamond sawing and hydraulic jaw 
crusher. As there were a number of similar beams available it was decided that 
various demolition techniques should be employed in order to assess their 
relative merits for cutting and breaking up prestressed concrete. The comparIson 
was to be made in terms of efficiency, safety and environmental considerations. 
In this test the breaker, lance and saw were chosen as three common methods. 
Less conventional techniques using explosives and water jetting were tried as 
potential new methods for selective cutting and total demolition of prestressed 
concrete. 
In addition to these demolition trials, one beam was made available for a full-scale 
two point load test. This test would provide information on the cracking moment 
of the beam and additional data on the remaining level of prestress. The results 
from this test would then be used as a check on direct measurements of prestress 
made by strain gauging the steel, and indirect tests carried out on concrete cores. 
C5.2 Beam details 
The beams (figure C5.1) were supported over a span of 29m and contained over 
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40 pre tensioning strands, the precise number depending on the depth of the section. 
Each lSmm diameter pretensio~ng strand comprised 7 wires and was designed to 
carry an initial force of 149kN. Design of these beams was carried out to CPllS 
with total losses of 31 % predicted. Many strands in the bottom layer were 
debonded near the ends to avoid high stresses in areas where self-weight bending 
moments were small. 
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Figure CS.1 Tallington pretensioned "top hat" bridge beam. 
C5.3 Instrumentation 
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The precast box beams had not been incorporated into the Western Avenue scheme 
due to minor defects in the construction. However, upon inspection one of the 
beams appeared to be in reasonable condition and hence was selected for the full-
scale load test (figure CS.2). VW strain gauges were placed at four levels, in three 
positions along the length of the beam. The positioning of the gauges was within the 
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area of constant bending moment induced by the test load. These gauges registered 
the strains induced during the loading cycles and hence the load at onset of cracking 
was determined. The results were then used to determine the tensile strength of the 
concrete and the effective level of prestress remaining. 
Figure CS.2 Load test on "top hat" beam 
Prior to the test, the beam was cored with lS0mm and 60mm cores to provide data 
for the indirect method of determining in situ stresses and for test specimens to 
establish Young's modulus for the concrete. The cores were instrumented with 
arrays of demec gauges. 
Several of the beams had been cast with short lengths of cable left exposed, thus 
providing an opportunity for direct measurements of pre tress on the steel. 
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Demec gauges were placed on individual wires in combination with Jubilee and 
bulldog clips, which had been modified to provide further demec measuring 
positions. Lengths of the strands were then retrieved for laboratory calibration of 
the gauging technique. 
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C6 Tar Fawr Brid2e 
C6.1 Introduction 
The Taf Fawr Bridge, built in 1964, carried the A470 over a tributary of the River 
Taff north of Merthyr Tydfil (figure C6 .1). The bridge had a height of 
approximately 30m above the river and an overall length of some 144m consisting 
of three spans of 39m, 66m and 39m. Designed as a segmental post-tensioned 
structure, the deck was assembled as a balanced cantilever. Details of the original 
design and construction procedure were described by Lungren and Hansen [129]. 
Figure C6.1 Taf Fawr Bridge 
The segments and joints were numbered consecutively from the west end (figure 
C6.2). Each segment comprised four, 3m long, precast I-sections joined by in situ 
top and bottom slabs to form a three cell box structure. 
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Figure C6.2 Joint and segment numbering system - Taf Fawr Bridge 
The precast I-sections were temporarily held in place during erection by 
diagonal Macalloy bars passing through the webs at the joints. The Macalloy 
bars remained in position in the permanent structure and were fully 
grouted. Longitudinal post-tensioning was then applied to the precast units so that 
two 19 wire/25mm diameter strands were anchored at each cantilever end, 
running through the previously assembled I -sections. The continuously reinforced 
slabs were cast and further post-tensioning was applied. Tendons were provided in 
the top of the deck, throughout the length of the structure, to counteract the effects 
of moments induced during erection and under working conditions. Further 
tendons were added in the bottom slab, in the centre span and near the abutments, 
to resist the sagging moments after the bridge was made continuous. 
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In 1985 the decision was made to demolish the superstructure due to general 
deterioration of the precast sections [121, 122]. This deterioration had enabled 
water and de-icing salts to leak through into the prestressing ducts causing 
corrosion of some of the cables. The reinforced concrete piers were still in good 
condition and it was economically feasible to replace the deck alone. In order to 
remove the deck with the least damage to the piers, the dismantling process 
demanded a reversal of the construction sequence. Some operations were not 
wholly reversible, such as the reduction of prestress in step with the relief of dead 
load stress. In addition, the behaviour during demolition was not entirely 
predictable since the extent of break down of bond between the cables and the 
surrounding grout, due to cutting, was unknown. A number of monitoring systems 
were utilised to minimise the uncertainty and to ensure that the demolition was 
carried out in a safe and controlled manner. The monitoring work was extended 
to include an assessment of the levels of stress remaining in the superstructure. 
C6.2 Demolition sequence 
Initially the superstructure was divided into two parts by cutting transversely at 
midspan. The central box units were then isolated by removing the outer 1-
sections. After providing temporary props under each side span, the connections 
between the superstructure and the abutments were severed. The box units were 
lowered into the valley, maintaining stability by ensuring excess weight remained 
on the side span (figure C6.3). 
Work commenced on the west span side sections and progressed onto the east 
span. The lowering of the west span central units ran concurrently with the 
removal of the east side sections. Finally, the east span central units were 
removed using the lifting frames transferred from the west side. Initial trials 
using a diamond saw, to cut the midspan position, proved ineffective as the 
cantilevers dropped, trapping the blade. The demolition work proceeded using a 
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combination of jack hammers and a Montabert breaker, which was used to isolate 
each unit prior to removal by crane or lifting frame . 
Figure C6.3 Cantilever method of dismantling Taf Fawr Bridge. 
C6.3 Structural monitoring 
During the removal of the central units, four principal areas had to be considered 
for monitoring, the first two being of prime importance from a safety aspect. 
a. Cutting poorly grouted cables could lead to excessive loss of bond, between the 
steel and the concrete, over several segments from the cut position. This could 
result in either ejection of an anchorage or problems in the demolition process. 
Only two cables connected some of the uni ts to the remaining cantilever which had 
to support both the lifting frame and end unit being demolished . Initial trials were 
carried out in the top slab of the north edge section of segment 14, the extent of 
loss of bond being assessed by monitoring the change in concrete surface train 
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which occurred along the line of a severed cable. Further checks were carried out 
in the central units of segments 26 and 27. 
b. Excessive compressive stresses might develop in the top flange and tensile 
strains might be induced in the bottom flanges of the units near the piers. This 
effect would be due to unreleased prestress in the top slab, which could exceed 
the cantilever moments as self-weight was reduced. 
c. The pier rotations had to be monitored in order to ensure that the concrete 
hinge at the base did not crack as the weight of the deck was removed. 
d. In conjunction with the monitoring of the pier, the general stability of the 
cantilever had to be assessed as each unit was removed. 
In order to detect the first possible form of failure, vibrating wire (VW) strain 
gauges were attached to the inside of the box units across the in situ joints at the 
ends of both the midspan and side span cantilevers. A sudden loss of prestress 
would be immediately apparent at the joints if tensile stresses began to develop at 
the top of the web. The second form of failure would produce tensile stresses 
across the joints in the bottom flange adjacent to the piers. Thus VW gauges 
were placed in these positions and adjacent to the temporary props. The 
information gained on the west side resulted in a revised gauging pattern for 
instrumenting the east span (figure C6.1). 
All structural monitoring of the superstructure was carried out remotely so that 
the demolition programme was unaffected and the risks to the monitoring team 
and the Resident Engineer's staff were reduced. Readings from the strain gauges 
and temperature sensors were taken from the adjacent temporary Bailey bridge. 
Changes were monitored on removal of each central unit and after movement of 
the lifting frames. 
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The last two monitoring checks could be carried out by instrumenting the concrete 
piers and steel prop';. The large area of the piers meant that little strain change 
would be noted and the readings might be swamped with temperature effects, 
however, two 140mm VW strain gauges were placed on either side of the pier close 
to the outer faces. In addition, two 65mm VW gauges were attached to each of the 
four props, to monitor the change in load due to the removal of each central unit. 
A number of the strain gauges applied also had temperature sensors so that 
corrections could be made for changes in the weather. 
C6.4 Research monitoring 
Although the monitoring work was primarily confined to the removal of the central 
box units, checks were carried out on the level of residual prestress in the 
strands and the concrete stresses in the webs and flanges of the box. Three 
methods were used to assess the levels of residual stress in the superstructure: 
a. The prestress remaining in selected tendons was determined from 
measurements of the change in strain which occurred when a few wires were cut. 
Short lengths of strand were exposed so that a demec gauge could be used to 
measure the released strains. 
b. The indirect method, involving the instrumentation of concrete cores, was used 
for the assessment of the in situ concrete stresses at sections where high shear 
stresses had caused severe cracking of the webs (figure C6.4). This method 
produced a summation of the effects of the prestress in the strands and the local 
stresses due to self-weight. 
c. The demolition of the structure itself provided another means of determining 
the concrete stresses. By instrumenting a complete unit and recording the total 
release of strain, it was possible to relate the stresses released at a section to the 
cantilever moment due to self-weight and residual prestress. 
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Figure C6.4 Coring of instrumented section 
2 0 
C7 Wentbrid2e Viaduct 
C7.1 Introduction 
The Wentbridge Viaduct was completed in 1961 as part of the Al By-Pass around 
the village of Wentbridge in Yorkshjre. The viaduct comprises a 3-span post-
tensioned bridge constructed with a 6-cell box girder deck. The deck has an overall 
length of 144m and is supported on inclined concrete legs with solid abutments at 
each end (figure C7.1). 
Figure C7.1 Wentbridge Viaduct 
The bridge was constructed in situ and the deck was post- te nsioned by a series of 
external tendons which were deflected over the legs. In the mrun span region there 
are a number of transverse diaphragms. The bridge carr ies a dual 2-1ane 
carriageway with hard verges on both sides and is divided by a central re ervation. 
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Hence, the structure is symmetrical about the longitudinal centre-line and the 
central transverse diaphragms. Access into individual cells was provided by heavy 
duty manholes in the carriageway, positioned near the central diaphragm at 
midspan. 
During the past 25 years, water had managed to seep around the manhole covers 
and caused some deterioration in the prestressing tendons. Repairs had been 
carried out to seal the tendons against further water penetration, but the effect 
on prestress levels in the midspan region was unknown. The tendons pass beneath 
the central diaphragms at midspan in order to induce a longitudinal compressive 
stress in the bottom flanges of the deck. It was anticipated that any significant 
reduction in prestress could be detected by non-destructive testing of the bottom 
flanges to estimate the current levels of concrete stress [125]. 
C7.2 Instrumentation 
As it was considered that local stress concentrations would occur near to the central 
diaphragm the investigation took place some 2.5 - 3.5m on either side. Considering 
the symmetrical nature of the structure, a pattern of eight instrumented 
concrete cores was initially selected (figure C7.2). Two additional cores, 3S and 4S, 
were later added to provide a second check on the stresses in cells 3 and 4. The 
precise position of each core had to be varied to avoid irregularities in the rough-
tamped surfaces, which prevented the application of strain gauges. 
The assessment of concrete stresses in the flanges was based upon the strains 
released during the removal of 70mm diameter cores (figure C7.3). Arrays of eight 
50mm and lOOmm demec gauges were placed on and across the core positions. As a 
qualitative check on the distortion of the hole, 200mm demec gauges were also 
placed across the hole. External arrays of eight 65mm VW gauges were positioned 
around each core. 
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Figure C7.2 Position of cores removed from Wentbridge Viaduct. 
The total depth of the bottom flange was 230mm, but the depth of the 70mm cores 
was generally limited to 175mm. This avoided damage to the lower steel and the 
possibility of a core falling into the valley below. However, strain releases on the 
upper surface of bottom flanges could be reduced by the limited depth of coring. 
Therefore it was decided to take a series of readings on the external VW array 
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throughout the coring process. The drill was stopped at 25mm intervals to record 
the strain releases and variation in temperature. It was considered possible that this 
technique could be used to estimate the likely increase in the total strain 
measurements if the coring had penetrated to the full depth of the flange. 
Figure C7.3 Removal of cores from Wentbridge Viaduct. 
In order to convert the measured strains into a corresponding system of stre ses, 
the elastic modulus for the concrete flange at each location was determined using 
both laboratory tests and the results of jacking tests in the remaining hole. 
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CB Channel Tunnel 
CB.1 Introduction 
The first section of the Channel Tunnel was co mp leted in 1976 beneath 
Shakespeare Cliff at Dover (figure CB.1). The tunnel consisted of three sections, a 
length of the service tunnel under the sea-bed, a section of the marshalling tunnel 
under the cliff and an adit tunnel to provide access for plant and machinery 
(figure CB.2). The service tunnel stretched for a distance of 300m under the sea bed 
and was lined with precast concrete segments. The ad it and marshalling tunnels 
were initially supported by steel arch ribs at 1 metre centres at the time of 
construction. Both tunnels were subsequently lined with in situ concrete which was 
not intended to carry a major share of the imposed loading. 
Figure CB.1 Channel Tunnel 
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Figure C8.2 Layout of existing Channel Tunnel works, 1986. 
The precast segments in the access tunnel were instrumented extensively with 
internal VW strain gauges. However, there was a general feeling of uncertainty as to 
the validity of the strain profiles predicted after a number of years. As time had 
progressed there had been a gradual increase in the strain levels recorded by the 
gauges, which did not correspond to the predicted levels. The advent of renewed 
interest in completing the tunnel made it necessary to determine the current state 
of stress in the linings. This information was required by the specialist consultants 
for the project who wished to finalise the thickness for the new tunnel linings. 
In the adit and marshalling tunnels an extensive pattern of longitudinal cracks was 
observed in the crown and invert of the lower portions of the adit tunnel in 1986. 
This necessitated further stress determination work in order to isolate the cause of 
the cracking. 
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C8.2 Instrumentation 
In the access tunnel two 220 x 380mm rectangular blocks were removed and the 
resultant stress-relief was measured using VW strain gauges on the surface and 
within the body of the concrete (figure C8.3). These blocks were removed using the 
stitch drilling technique of overlapping cores. Large jacking tests were then carried 
out within the void to re-establish the strains released in the adjacent section. 
Supplementary coring trials were carried out using 150mm and 75mm cores at four 
different positions, to obtain an estimate of the stresses on the inside surface. These 
cores were instrumented with arrays of demec pips on and around the core 
positions. In addition, demec and VW strain gauge rosettes surrounded the core 
positions. A number of different arrangements were used, varying the gauge length 
and position (figure C8.4) 
In view of the cracking in the crown and invert of the adit tunnel, it was 
anticipated that the magnitude of the concrete stresses would be a maximum at 
axis level in the linings. It was therefor decided to investigate the stresses in this 
region at six locations within the adit and marshalling tunnels, using the coring and 
in situ jacking techniques with 75mm and 150mm cores. 
As the crack widths on the surface of the in situ linings frequently exceeded Imm, 
there was a strong possibility that they extended through the full depth of the 
sections. Hence, cores were taken through selected sections to examine the 
variation in crack width. It was hoped that an indication of the age of the cracks 
could also be obtained from the thickness of the deposits contained within the 
cracks. Having established the current state of stress and crack widths in 
selected parts of the adit and marshalling tunnel, it was intended that future 
changes should be monitored. Consequently, a scheme was devised to relate 
increases in the crack widths and concrete stresses to observed changes in the 
horizontal deformation of the tunnel at axis level. 
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Figure CB.3 Blocks removed from Channel Tunnel precast segment. 
Figure CB.4 Gauging arrangements for precast segments - Channel Tunnel. 
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In each section the 75mm cores were instrumented with rosettes of Demec pips 
with gauge lengths of 50mm on the core and 100rnm across the hole. An external 
array of eight 65mm vibrating wire (VW) gauges were positioned around each 
75mm core. The 150mm cores (figure C8.5) were instrumented in the same 
manner with the gauge lengths adjusted to suit the larger diameter. Gauge lengths 
of 100mm and 200rnm were used for the Demec pips on the core and across the 
hole respectively. The external array of VW gauges consisted of eight 140mm 
gauges. The VW gauges were subjected to drilling water during coring and 
temperature sensors were included in all gauges to enable appropriate 
corrections to be made. 
Figure C8.5 Coring of instrumented 150mm core - Channel Tunnel. 
Values for Young's modulus were obtained from core samples returned to the 
laboratory and the results of jacking tests carried out in the 150 and 75mm core 
holes by Mehrkar-Asl [5] . 
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APPENDIXD 
CALCULATIONS FOR PRESTRESS LOSSES 
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01 
1.1 
BASINGSTOKE BRIDGE BEAM 
Design data 
Length L = 27.89 m 
Area of concrete Ae = 574200 mm2 
Second moment of area Ie = 119.8 X 109 mm4 
Dead load moment Md = 1306 kNm 
Volume/surface area ratio vis = 116.5 nun 
Eccentricity of strands e = 561 mm (midspan) 
e = 203 mm (ends) 
Area of strands As = 36 x 138.6 mm2 
Ultimate tensile stresngth fy = 1636 N/nun2 
Initial steel stress ~ = 1153 N/mm2 
Total force p = 5730 kN 
Elastic modulus of steel Es = 200 kN/mm2 
Age @ transfer t' = 7 days 
Moist curing to = 7 days 
Concrete strength @ 28 days fe = 60N/mm2 
Cement content c = 300 kg/m3 
Water / cement ratio w/c = 0.5 
Aggregate/cement ratio a/c = 6.5 
Initial concrete stress at the level of the tendons @ midspan 
cr:. = P + Pe2 - Mde el = 10.0 + 15.1 - 6.1 = 19.0 N/mm2 
~i = 10.0 + 2.0 = 12.0N/mm2 
It is assumed that the initial stress value includes overstress for friction and 
anchorage losses 
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D1.2 CP115 
Concrete strength @ 7 days fci = 
Elastic modulus of conc.@7daysE. CI = 
Elastic deformation:-
Allowing for three strands stressed consecuetively 
41 N/mm2 (say) 
32 kN/mm2 (say) 
Change in stress d~ = 0.67m~i = 0.67 x 200/32 x 19.0 = 79.2 N/mm2 (6.9%) 
At transfer:-
a; = 1073.8 N /mm2 
~o= 9.3 + 14.1 - 6.1 = 17.3 N/mm2 
After transfer:-
Relaxation:-
Steel relaxation = 3% x 1073.8 = 32.2 N/mm2 (2.8%) 
Creep:-
Loss of stress = 
Shrinkage:-
Loss of stress = 200 x 10-6 xEs = 40 N/mm2 (3.5%) 
Totallosses:-
Elastic deformation = 84.4 N/mm2 6.9% 
Relaxation = 32.2 N/mm2 2.8% 
Creep = 125.6 N/mm2 10.9% 
Shrinkage = 40.0 N/mm2 3.5% 
---------
24.1% 
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.3 CPII0 
Concrete strength @ 7 days 
Elastic modulus of conc. @ 7 days Eci 
Elastic deformation:-
= 
= 
41 N/mm2 (say) 
32 kN/mm2 (say) 
Allowing for three strands stressed consecuetively and averaging the initial stress 
along the length of the beam: 
Change in stress do-s = 0.67m~i = 0.67 x 200/32 x (19 + 12)/2 = 64.6 N/mm2 (5.6%) 
At transfer:-
cr; = 1088.4 N /mm2 
C'co = [(9.5 + 14.3 - 6.1) + (9.5 + 1.9)]/2 = 14.6 N/mm2 
After transfer:-
Relaxation:-
Steel relaxation = 3% x 1088.4 = 32.7 N/mm2 (2.8%) 
Creep:-
Loss of stress = 36 x 10-6 x 0": x E = 104.8 N/mm2 (9.10/0) co s 
Shrinkage:-
Loss of stress = 200 x 10-6 x E = 40 N/mm2 (3.5%) s 
Totallosses:-
Elastic deformation = 64.6N/mm2 5.6% 
Relaxation = 32.7N/mm
2 2.8% 
Creep = 104.8 N/mm2 9.1% 
Shrinkage = 40.0N/mm
2 3.5% 
---------
21.0% 
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11.4 CEB-FIP (70) Recommendations 
Iffcu = 58 N/mm2 @ 28 days 
Instantaneous elastic modulus 
fcy1 = 41.4 N/mm
2 
fcyl = 33.1 N/mm2 @ 7 days 
~j = 5.94 (fCY1)O'S = 34.2 kN /mm2 
Elastic deformation:-
Allowing for sequential stressing of three cables 
Change in stress d~ = 0.67m~i = 0.67 x 200/34.2 x 19.0 = 74.1 N/mm2 (6.4%) 
At transfer:-
~ = 1078.9 N /mm2 
~o = 9.4 + 14.1 - 6.1 = 17.4 N/mm2 
After transfer:-
Creep:-
At 28 days fcy1 = 41 N/mm2 
Ebj = 38.2 kN/mm2 
Creep coefficient ~(t) = kc kd kb ke ~ 
kc = 2.3 (coeff. for reI. hum. - r.h. = 70%) 
kd = 1.25 (coeff. for maturity - 7 days) 
kb = 0.9 (coeff. for cement cont. - 300 kg/m3) 
ke = 0.82 (coeff. for eff. thickness - 233 mm) 
k t = 1.00 
(coeff. for time since loading - 6200 days) 
~(t) = 2.12 
Loss of stress = 175.8 N/mm2 (15.3~i) 
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Shrinkage:-
Shrinkage strain 
Loss of stress 
Relaxation:-
6 cs = e c kb ke kt kp 
kc = 276 x 10-6 (coeff. for reI. hum. - Lh. = 70%) 
kb = 0.9 
ke = 0.75 
kt = 1.00 
.1cs = 186.3 x 10-
6 
(as for creep) 
(coeff. for eff. thickness) 
(as for creep) 
= 37.3 N/mm2 (3.2%) 
Pure steel relaxation = 3% 
At ultimate 
Apparent relaxation 
Totallosses:-
Elastic deformation 
Relaxation 
Creep 
Shrinkage 
apr = 2 x pure relax. = 64.7 N/mm2 
= (Jpr [ 1 - 3 {6pc + 6 ps} / op ] 
= 26.4 N/mm2 (2.3%) 
= 74.1 N/mm2 
= 26.4 N/mm2 
= 175.8 N/mm2 
= 37.3 N/mm2 
6.4% 
2.3% 
15.3% 
3.2% 
---------
27.2% 
275 
1.5 PCI General Method 
This example is calculated using imperial units 
Averaging the effective stress along the length of the beam 
0ei = 2246 psi (15.5 N/mm2) 
Elastic deformation:-
Allowing for three strands stressed consecuetively and averaging the initial stress 
along the length of the beam: 
Change in stress d~ = 0.67m~i = 9358.3 psi (64.6 N/mm2) (5.6%) 
At transfer:-
~ = 156642 psi 
~o = 2117 psi 
Step 1 Time step considered - transfer to 30 days 
Loss due to relaxation 
Creep: 
RET = ~ ([log 24t -log 24t1]/45 x [~/fpy - 0.55] = 1882 psi 
= 0.9 fpu = 211896 psi 
= 1/24 day 
= 30 days 
CR = (UCR)(SCF)(PCR) ~o = 5868 psi 
where UCR = coeff. for curing = 95 - 20Ec/l0
6 > 11 (=2.2) 
SCF = coeff. based on v / s = 0.72 
PCR = coeff. for proportion of creep over time interval 
= AUCn - AUCt2 = 0.35 
Shrinkage: 
SH = (USH)(SSF)(PSH) = 3955 psi 
where USH = 27000 - 3000Ec/10
6 > 12000 psi = 13080 psi 
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SSF = coeff. for size and shape v / s = 0.72 
PSH = coeff. for variation with age = AUSn - AUSt2 = 0.42 
At end of stage 1: 
Losses = 5868 + 3955 + 1882 = 11705 psi 
Stage 2 Time step considered - 30 days to 1 year 
~ = 144937 psi 
~ = 2275 psi 
RET = 468 psi 
CR = 7027 psi 
SH = 4144 psi 
At end of stage 2: 
Losses = 11639 psi 
Stage 3 Time step considered - 1 year to testing date (4750 days) 
~ = 133298 psi 
~ = 2021 psi 
RET = 261 psi 
CR = 4162 psi 
SH = 1318 psi 
At end of stage 3 
Losses = 5741 psi 
Total losses = ED + stage 1 + 2 + 3 = 38443 psi 
= 23.0% 
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.6 CEB-FIP (78) Model Code for Concrete Structures 
Concrete strength @ 7 days 
Secant Elastic modulus of conc. @ 7 days 
Elastic deformation:-
= 
Allowing for sequential stressing of three cables 
41 N/mm2 
= 36 kN/mm2 (say) 
Change in stress d~ = 0.67m<Tci = 0.67 x 200/36 x 19.0 = 70.7 N/mm2 (6.1% of initial 
stress) 
At transfer:-
~ = 1082.3 N/mm2 
~o = 9.4 + 14.2 - 6.1 = 17.5 N/mm2 
After transfer:-
Creep:-
4>(t,t') = 13 aCt') + ~d 13 it - t') + <l>f[ 13ft) - 13ft')] = 3.45 
where 13 a(to) = 0.8 [1 - fc{t/fc] = 0.44 
<1>d = 0.4 
(jd(t-t') = 1.0 
</>f1 
<1>f2 
CPf 
13 t< t') 
13t<t) 
= 2.0 
= 1.53 
= 4>f1 + 4>f2 = 3.53 
= 0.22 
= 0.96 
(coeff. for delayed elastic strain) 
(coeff. for initial flow) 
(coeff. for time under load) 
} 
} 
} (coeff. for delayed flow) 
} 
} 
Shrinkage:-
esh(t,to) 
where eshl 
= esh [13sh(t) - 13sh(to)] = -251.9x10-
6 
= -32Ox10-6 
= 0.88 
= eshl esh2 = -283x10-
6 
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(3sh(t) = 0.07 
For interdependence of losses:-
b.<Jp = eshEs + t::.apr + m<t>(t,t')(~g + ~po) 
1 - m ~po/<Jpo [1 + l1>(t,t')/2] 
where <Tepo = stress at tendon level due to prestressing only 
~g = stress at tendon level due to dead load moment 
apo = initial stress in tendon 
f:l. apr = relaxation of steel 
= a priori level of prestress losses due to stress = 0: - 0.36cr: pgo p 
If = 27% = 292.2 N /mm2 op = 994.6 N /mm2 
Llopr = 3.2% 
Llop = 316.4 N/mm2 = 27.4% 
~<Jp = 27.4% = 296.6 N/mm2 op = 993.3 N/mm2 
~opr = 3.2% 
~ Of> = 316.1 N/mm2 = 27.4% 
Totallosses:-
Elastic deformation = 
Creep, shrinkage 
and relaxation 
= 
70.7N/mm2 
316.1 N/mm2 
6.1% 
27.4% 
33.5% 
If average values are considered for the various components:-
<\>( t, t') 
esh( t,to) 
L1ap 
Totallosses:-
= 2.7 
= 260x10-6 
= 23.7% = 273.8 N/mm2 
Llapt = 29.8% 
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D1.7 ACI209 
At 7 days fet/fe28 = 0.7 
fet = 36.3 N/mm2 
Eet = ge [w3 fet]O.S = 30.5 kN/mm2 
Considering the mix proportions by weight: 4:2.5:1 (g:s:c) 
Creep:-
Ultimate creep coefficient 
<1>..,(1') = 2.35 kl ~ k3 k4 ks k6 = 1.29 
where kl = 1.25(t'tO.118 = 0.99 
k2 = 1.27 - 0.0067h = 0.8 
h = reI. hum. = 70% 
k3 = 0.73 (based on v Is) 
k4 = 0.82 + 0.00264Sf = 1.08 
Sf = slump = 100mm (say) 
ks = 0.88+0.0024s/a =0.88 
k6 = 1.00 (5% air content) 
Creep coefficient at any time 
<1> (t,1') = (t - t,)0.6 I [10+(t - 1')0.6] <l>oo(t') = 1.21 
Shrinkage:-
Ultimate shrinkage strain 
where k2 
h 
k4 
= 78Ox10-6 k2 k3 k4 ks k6 = 112.9 x 10-6 
= 1.4 - O.Olh = 0.7 
= reI. hum. = 70% 
= 0.69 (based on v Is) 
= 0.89+0.00161Sf = 1.05 
where ge = 0.043 
w = 2400 kg/ m3 
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Sf = slump = 100mm (say) 
ks = 0.3+0.014s/a =0.31 
k6 = 0.95 + 0.008er. = 0.99 
oc = (5% air cant) 
k7 = 0.93 (for c=300kg/m3) 
Shrinkage strain at any time 
esht = (t - to) eshuJ [55+(t - to)] = 111.6 x 10-6 
Totallosses:-
= 2.51 
p = [0.67m<Tci+m~~ (t,t')(l- Ft/{2Fo})+eshtEsI(1+mpkS>+0.005~(logt)]100/~ 
= [83.5+ 112.8+25.5+ 19.7]100/1153 
= [7.2%+9.8%+2.2%+ 1.7%] = 20.9% 
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DI.S Bazant and Panula (BPII) method 
The values for creep and shrinkage are determined using imperial units 
Concrete strength @ 7 days 
Elastic modulus of conc. @ 7 days Eci 
Elastic deformation:-
= 
= 
41 N/mm2 (say) 
32 kN/mm2 (say) 
Allowing for sequential prestressing of strands and averaging along length 
Change in stress d~ = 0.67m~i = 0.67 x 200/32 x 15.5 = 64.9 N/mm2 (5.6% of initial 
stress) 
At transfer:-
~ = 1088.1 N/rnrn2 
~o = [(9.5 + 14.3 - 6.1) + (9.5 + 1.9)]/2 = 14.6 N/mrn2 
Mter transfer:-
Shrinkage:-
Considering the mix proportions by weight: 4:2.5:1 (g:s:c) 
Shrinkage strain at any time is given by: 
eshoo = (1330 - 97Oy)x10-6 = 416.4x10-6 
where z = f
cyl[1.25 (a/c) 0.5+0.5 (g/sl]{(l + sic) / (w/c)}0.33 - 12 = 8.92 
f
cyl = 28 day cyl strength (ksi) = (51.7 x 0.8)/6.895 = 6.0 ksi 
Y = (390z-4 + 1)-1 = 0.94 
where kh 
t 
= esblnkh S(t/Tsh) = 247.3x10-
6 
= 1- h3 (h=70% - rel.hurn.) = 0.66 
= t-t' = 4750 days 
C1(to) = 2.4 + 120/Fo = 47.76 
ks = 1.0 
D = 2v/s = 233 
1:' sh = (ksD)2/ C1(to) = 1136.7 
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S(t/Tsh) = [t/(t:sh + t)]0.5 = 0.90 
Creep:-
For basic creep 
l/Eo = 0.1 + 0.5/fey? = 0.1139x10-6 /psi 
4>1 = 0.3 + 15(fey1t1.2 = 2.05 
1 = 0.28 + l/fey? = 0.31 
n = 0.115 + 0.0002 fey? = 0.158 
ex: = 0.05 
Basic creep coefficient 
= <P1 (t'-1 + o:)(t-t,)n / Eo = 5.31 x 10-7 
Drying creep coefficient 
Cit,t',to) 
where kh 
= <l>d kh 1'0.51 Sit,t') / Eo = 2.781 x 10-7 
= 1_h1.5 = 0.41 
r = (feyl s/a)O.3 (g/s)1.3 [0.00161 (w/c) / esh ]1.5 - 0.85 = 5.51 
q,d = 0.0056+0.0189/(1+0.7r-1.4) = 0.0234 
q,d = [1 + (t' - to)/lOLshr°.5 q>d (esh 106) = 9.73 
Sd(t,t') = [1 + (3 't sh)/(t - t')r°.35 = 0.827 
E(7) 1(7 + 1, 7t1 = [(1 + ct>1 (1'-1 + a:)(t - 1')n / Eorl = 3.95 x 106 psi 
Creep coefficient 
Losses due to creep and shrinkage:-
p = = 247.8 N/mm2 (21.5%) 
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Relaxation:-
Steel relaxation of 3% = 32.6 N/mm2 (2.8%) 
Totallosses:-
Elastic deformation = 
Relaxation = 
Creep and shrinkage = 
64.9 N/mm2 
32.6 N/mm2 
247.8 N/mm2 
5.6% 
2.8% 
21.5% 
29.9% 
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Dl.9 BS5400 
Concrete strength @ 7 days = 
Elastic modulus of cone. @ 7 days Eci 
Elastic deformation:-
= 
41 N/mm2 (say) 
32 kN/mm2 (say) 
Allowing for three strands stressed consecuetively and averaging the initial stress 
along the length of the beam: 
Change in stress d~ = 0.67m~i = 64.6 N/mm2 (5.6%) 
At transfer:-
~= 1088.4 N/mm2 
~o = [(9.5 + 14.3 - 6.12) + (9.5 + 1.9)]/2 = 14.6 N/mm2 
Mter transfer:-
Relaxation:-
Steel relaxation = 3% x 1088.4 = 32.7 N/mm2 (2.8% of initial stress) 
Creep:-
Creep coefficient 
Shrinkage:-
Shrinkage strain 
cI>( t) = 
kl = 
km = 
kc = 
ke = 
k = ] 
cI> = 2.38 
= 
= 
= 
kl km kc ke kj 
2.3 (coeff. for reI. hum. - Lh. = 70%) 
1.4 (coeff. for maturity - 3 days) 
0.9 (coeff. for cement cont. - 400 kg/m3) 
0.82 (coeff. for eff. thickness - 135 mm) 
1.00 (coeff. for time since loading - 6200 days) 
kl kc ke kj 
275 x 10-6 (coeff. for reI. hum. - r .h. = 70%) 
0.9 (as for creep) 
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k. J 
= 
= 
0.75 (coeff. for eff. thickness - 135 nun) 
1.00 (as for creep) 
6. cs = 185.6 x 10-6 
Reduction in prestress:-
!J. p = m ~o ct> + ~cs Es 
1 + pm( 1 + e2/i2 )[ 1 +1~] 
where ~ = 0.82 (from graph of ct>n = 2.02) 
P = 0.0087 (steel proportion) 
m= 6.25 (modular ratio) 
i2 = 208638 nun2 (radius of gyration2) 
~p = 181.6 N/mm2 (15.8%) 
Totallosses:-
Elastic deformation = 
Relaxation = 
Creep & shrinkage = 
64.6 N/mm2 
32.7 N/mm2 
181.6 N/mm2 
5.6% 
2.8% 
15.8% 
24.2% 
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D2 
D2.1 
DOWMAC "TOP HAT" BRIDGE BEAM 
Design data 
Length 
Area of concrete 
Second moment of area 
Dist. from centroid to soffit 
Dead load moment 
Volume/surface area ratio 
Eccentricity of strands 
Area of strands 
Ultimate tensile stresngth 
Initial steel stress 
Total force 
Elastic modulus of steel 
Age @ transfer 
Concrete strength @ 28 days 
Elastic modulus of conc. @ test 
Cement content 
Water / cement ratio 
Aggregate / cement ratio 
L 
Ae 
Ie 
Yb 
Md 
vis 
e 
As 
fy 
~ 
P 
Es 
t' 
fe 
Ee 
c 
w/c 
a/c 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
Initial concrete stress at the level of the tendons 
29.045 m 
582233 mm2 
141.8 X 109 mm4 
648.9 mm 
1442 kNm 
67.3 mm 
450.3 mm 
44 x 138.6 mm2 
1636 N/mm2 
1147 N/mm2 
6996 kN 
200 kN/mm2 
3 days 
60N/mm2 
38 kN/mm2 
400 kg/m3 
0.4 
4.6 
0-:. = p + Pe2 - Mde 
el 
= 12.0 + 10.0 - 4.58 = 17.4 N/mm2 
-
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D2.2 CPl15 
Concrete strength @ 3 days fci 
Elastic modulus of COlIC. @ 3 days Eci 
Elastic deformation:-
= 
= 
40 N/mm2 (say) 
32 kN/mm2 (say) 
Change in stress d~ = m~i = 200/32 x 17.4 = 108.8 N/mm2 (9.S% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 30/0 (low relaxation strands) with 1 % assumed to have 
taken place prior to transfer, 1 % = 11.5 N/mm2 (1%) 
At transfer:-
~ = 1026.7 N /mm2 
~o = 10.8 + 9.0 - 4.S8 = 1S.2 N/mm2 
After transfer:-
Relaxation:-
Remaining steel relaxation = 2% x 1026.7 = 20.6 N/mm2 (1.8%) 
Creep:-
Loss of stress = 47.9 x 10-6 x 41.4 x ~o xEs = 150.7 N/mm2 (13.1%) 
fcu 
Shrinkage:-
Loss of stress = 300 x 10-6 x E = 60 N/mm2 (S.2%) s 
Totallosses:-
Elastic deformation = 
Relaxation 
Creep 
Shrinkage 
= 
= 
= 
108.8 N/mm2 
11.S + 20.6 = 32.1 N/mm2 
lS0.7 N/mm2 
60.0N/mm2 
9.S% 
2.8% 
13.1% 
S.2% 
30.6% 
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D2.3 CP110 
Concrete strength @ 3 days fei 
Elastic modulus of conc. @ 3 days Eci 
Elastic deformation:-
= 
= 
40 N/mm2 (say) 
32 kN/mm2 (say) 
Change in stress dO; = m~i = 200/32 x 17.4 = 108.8 N/mm2 (9.5% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 3% (low relaxation strands) with1 % assumed to have 
taken place prior to transfer, 1% = 11.5 N/mm2 (1%) 
At transfer:-
~= 1026.7 N/mm2 
~o = 10.8 + 9.0 - 4.58 = 15.2 N/mm2 
Mter transfer:-
Relaxation:-
Remaining steel relaxation = 2% x 1026.7 = 20.6 N/mm2 (1.8%) 
Creep:-
Loss of stress = 48 x 10-6 x 40 x a: x E = 145.9 N/mm2 (12.7%) co s 
Shrinkage:-
Loss of stress = 300 x 10-6 xEs = 60 N/mm2 (5.2%) 
Totallosses:-
Elastic deformation = 108.8 N/mm2 9.5% 
2.8% 
12.7% 
5.2% 
Relaxation 
Creep 
Shrinkage 
= 
= 
= 
11.5 + 20.6 = 32.1 N/mm2 
145.9N/mm2 
60.0 N/mm2 
30.2% 
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D2.4 CEB-FIP (70) Recommendations 
If feu = 60 N/mm2 @ 28 days fcyl = 48.0 N/mm2 
fcyl = 26.4 N/mm2 @ 3 days 
Instantaneous elastic modulus 
Ebj = 6.6 (fcyl)o.5 = 33.9 kN/mm2 
Elastic deformation:-
Change in stress d<J's = m~i = 200/33.9 x 17.4 = 102.7 N/mm2 (9.0% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 3% (low relaxation strands) with 1 % assumed to have 
taken place prior to transfer, 1 % = 11.5 N/mm2 (1%) 
At transfer:-
a; = 1032.8 N/mm2 
~o = 10.8 + 9.0 - 4.6 = 15.2 N/mm2 
After transfer:-
Creep:-
At 28 days fcyl = 48 N/mm2 
Ebj = 45.7 kN/mm2 
Creep coefficient ~(t) = kc kd kb ke kt 
kc = 2.3 (coeff. for reI. hum. - r.h. = 70%) 
kd = 1.5 (coeff. for maturity - 3 days) 
kb = 0.8 (coeff. for cement cont. - 400 kg/m
3) 
ke = 0.95 (coeff. for eff. thickness - 135 mm) 
kt = 1.00 
(coeff. for time since loading - 6200 days) 
</>(t) = 2.62 
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Loss of stress ~pc = mct>~o [ 1- m<l>~o/(2~)] = 159.6 N/mm2 (13.9%) 
Shrinkage:-
Shrinkage strain b.cs = ec kb ke kt kp 
kc = 276 x 10-6 (coeff. for reI. hum. - r.h. = 70%) 
Loss of stress 
Relaxation:-
kb = 0.8 
ke = 0.95 
kt = 1.00 
~cs = 209.8 x 10-6 
~ps = b.cs Es 
(as for creep) 
(coeff. for eff. thickness) 
(as for creep) 
= 42.0 N/mm2 (3.7%) 
Pure steel relaxation = 2% 
At ultimate 
Apparent relaxation 
Totallosses:-
apr = 2 x pure relax. = 41.3 N/mm2 
= apr [ 1 - 3 {~pc + ~ps} / ap ] 
= 17.9 N/mm2 (1.6%) 
Elastic deformation = 102.7N/mm2 
Relaxation 
Creep 
Shrinkage 
= 
= 
= 
11.5 + 17.9 = 29.4 N/mm2 
154.6 N/mm2 
42.0N/mm2 
9.0% 
2.6% 
13.9% 
3.7% 
29.2% 
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D2.5 PCI General Method 
This example is calculated using imperial units 
~i = 2524 psi 
Step 1 Time step considered - anchorage of prestressing steel to age at prestressing 
of concrete 
Loss due to relaxation only 
RET = ~t {[log 24t -log 24t1]/45 x [C'st/fpy - 0.55] = 1576 psi 
where fpy = 0.9 fpu = 213416 psi 
= 166352 psi 
= 1/24 day 
= 3 days 
Elastic deformation: 
~i = 2496 psi 
ES = m~o = 15591 psi 
At transfer:-
~ = 149185 psi 
~o = 2200 psi 
Step 2 Time step considered - end of step 1 to age 30 days 
Loss due to relaxation calculated as above 
RET = 494 psi 
Creep: 
CR = (UCR)(SCF)(PCR) ~o = 7296 psi 
where UCR = coeff. for curing = 63 - 20Ec/l0
6 
> 11 
SCF = coeff. based on v / s = 0.9 
PCR = coeff. for proportion of creep over time interval 
= AUCn - AUCt2 = 0.335 
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Shrinkage: 
SH = (USH)(SSF)(PSH) = 4317 psi 
where USH = 27000 - 3000Ec/106 > 12000 psi (= 10500 psi) 
SSF = coeff. for size and shape v / s = 0.895 
PSH = coeff. for variation with age = AUSn - AUSt2 = 0.402 
At end of stage 2: 
Losses = 7296 + 4317 + 494 = 12107 psi 
Stage 3 Time step considered - 30 days to 1 year 
~ = 137078 psi 
~ = 1964 psi 
RET = 470 psi 
CR = 7875 psi 
SH = 4919 psi 
At end of stage 3: 
Losses = 13264 psi 
Stage 4 Time step considered - 1 year to testing date (as end of design life) 
~ = 123814 psi 
~ = 1709 psi 
RET = 271 psi 
CR = 4399 psi 
SH = 1504 psi 
At end of stage 4: 
Losses = 6174 psi 
Total losses = Stage 1 + 2 + 3 + 4 = 48712 psi 
= 29.3% 
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D2.6 CEB-FIP (78) Model Code for Concrete Structures 
Concrete strength @ 3 days 
Elastic modulus of conc. @ 3 days Eci 
Elastic deformation:-
= 
= 
40 N/mm2 (say) 
32 kN/mm2 (say) 
Change in stress d~ = m~i = 200/32 x 17.4 = 108.8 N/mm2 (9.5% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 3% (low relaxation strands) with1 % assumed to have 
taken place prior to transfer, 1 % = 11.5 N/mm2 (1%) 
At transfer:-
~= 1026.7 N/mm2 
~o = 10.8 + 9.0 - 4.58 = 15.2 N/mm2 
After transfer:-
Assuming concrete steam cured for 2 days at 54°C, then adjusted age at loading 
t =~L:otm ([T(t
m
)+ 10] tm}/30 oc= 1 for normal concrete 
= [54+ 10]2/30 = 4days 
For age at loading = 3 days actual = 5 days theoretical 
Creep:-
o(t,1') = !1
a
(1') + <l>d !1it - 1') + <l>f[!1eCt) - ,seCt')] = 3.18 
where !1
a
(to) = 0.8 [1 - fc{t/fc] = 0.267 
CPd = 0.4 
!1 d(t-1') = 1.0 
CPfl = 2.0 
<1>f2 = 1.55 
CPf = <Pfl + <l>f2 = 3.1 
!1 eCt') = 0.17 
f3eC t) = 0.98 
(coeff. for delayed elastic strain) 
(coeff. for initial flow) 
(coeff. for initial flow) 
} 
} 
} (coeff. for delayed flow) 
} 
} 
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Shrinkage:-
esh(t,to) 
where eshl 
= esh [~sh(t) - f.1sh(to)] = 267.8x10-6 
= -320x10-6 
= 0.9 
J3sh(to) = 0.99 
ftsh(t) = 0.06 
For interdependence of losses:-
where ~po 
~g 
apo 
~<Tpr 
= eshEs + L.\apr + m~(t,t')( ~g + ~po) 
1 - m ~po/apo [1 + ~(t,t')/2] 
= stress at tendon level due to prestressing only 
= stress at tendon level due to dead load moment 
= initial stress in tendon 
= relaxation of steel 
~ap = a priori level of prestress losses due to stress = cr:: - 0.3~cr:: pgo p 
If ~ap = 27% = 277.3 N/mm2 ap = 943.8 N/mm2 
~apr = 2.4% 
~op = 275.6 N/mm2 = 26.8% 
= 26.8% = 275.2 N/mm2 ap = 944.4 N/mm2 
6apr = 2.3% 
~crp = 275.0 N/mm2 = 26.8% 
Totallosses:-
Elastic deformation = 108.8 N/mm2 9.5% 
Relaxation = 11.5 N/mm2 1.0% 
Creep, shrinkage = 275.1 N/mm2 26.8% 
and relaxation ---------
37.3% 
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If average values are considered for the various components:-
4>(t,t') = 2.7 
esh(t,to) = 26Ox10-6 
~ap = 24.1% = 247.6 N/mm2 
Totallosses:-
Llapt = 34.6% 
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D2.7 ACI209 
At 3 days fct/fc28 = 0.78 
fct = 46.8 N/mm2 
E ct = gc [w3 fct]O.S = 34.6 kN/mm2 where gc = 0.043 
w = 2400 kg/ m3 
Considering the mix proportions by weight: 3:1.6:1 (g:s:c) 
Creep:-
Ultimate creep coefficient 
<l>ao( to ) = 2.35 kl k2 k3 k4 ks k6 = 1.69 
where kl = 1.13( t'tO.094 = 1.02 
k2 = 1.27 - 0.0067h = 0.8 
h = rel. hum. = 70% 
k3 = 0.85 (based on v/s) 
k4 = 0.82 + 0.00264Sf = 1.08 
Sf = slump = 100mm (say) 
ks = 0.88+0.0024s/a =0.96 
k6 = 1.00 (5% air content) 
Creep coefficient at any time 
ct> (t,t') = (t - t,)0.6 ~tO(to)/ [10+ (t - t,)0.6] = 1.60 
Shrinkage:-
Ultimate shrinkage strain 
e .)hoo = 78Oxl06 k2 k3 k4 ks k6 = 1.69 
where k2 = 1.4 - O.Olh = 0.7 
h = rel. hum. = 70% 
= 0.87 (based on v/s) 
k4 = 0.89+0.00161Sf = 1.05 
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Sf = slump = 100mm (say) 
ks = 0.3 + 0.014s/a = 0.79 
k6 = 0.95 + 0.0080 = 0.99 
ex: = (5% air cont) 
k7 = 0.99 (for c=400kg/m3) 
Shrinkage strain at any time 
esht = (t - to) eshllJ [55 + (t - to)] = 384.3 x 10-6 
Totallosses:-
= 1.83 
p = [m~i+m~~ (t,1')(l- Ft/{2Fo})+eshtEsI(1+mpkS>+0.005~(logt)]100/a; 
= [100.6+ 146.4+69.5+29.7]100/1147 
= [8.8% + 12.8% + 6.1 % + 2.6%] = 30.2% 
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D2.S Bazant and Panula (BPII) method 
Concrete strength @ 3 days 
Elastic modulus of conc. @ 3 days Eci 
Elastic deformation:-
= 
= 
40 N/mm2 (say) 
32 kN/mm2 (say) 
Change in stress d~ = m~i = 200/32 x 17.4 = 10S.S N/mm2 (9.5% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 3% (low relaxation strands) with 1 % assumed to have 
taken place prior to transfer, 1 % = 11.5 N/mm2 (1%) 
At transfer:-
~ = 1026.7 N/mm2 
~o = 10.8 + 9.0 - 4.58 = 15.2 N/mm2 
After transfer:-
Shrinkage:-
Considering the mix proportions by weight: 3:1.6:1 (g:s:c) 
Shrinkage strain at any time is given by: 
eshcn = (1330 - 97Oy)x10-6 = 511.2xlO-6 
where z = fcyl[1.25 (a/c) 0.5 + 0.5 (g/s)2]{ (1 + sic) / (w /c)}0.33 - 12 = 6.78 
f
cyl = 28 day cyl strength (ksi) = (60 x 0.8)/6.895 = 6.96 ksi 
Y = (390z-4 + 1tl = 0.84 
where kh 
t 
= eshIDkh S(t/t'sh) = 329.2x10-6 
= 1 - h3 (h = 70% - rel.hum.) 
= t-t' = 6202 days 
= 2.4 + 120/!? = 71.68 
= 1.0 
= 2v/s = 134.6 
= (k
s
D)2/ C1(to) = 252.75 
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S(t/'L sh) = [t/(Tsh + t)]0.5 = 0.98 
Creep:-
For basic creep 
1/Eo = 0.1 + 0.5/fey? = 0.1103x10-6 Ipsi 
<1>1 = 0.3 + 15(fey1t1.2 = 1.76 
1 = 0.28 + l/fey? = 0.30 
n = 0.115 + 0.0002 feyl
3 = 0.18 
a: = 0.05 
Basic creep coefficient 
= 4>1 (1'-1 + o:)(t_1')n I Eo = 7.19 x 10-7 
Drying creep coefficient 
Cd(t,1',to) 
where kh 
= ~d kh 1'0.51 Sit,1') I Eo = 9.52x10-8 
= 1_h1.5 = 0.41 
r = (fe s/a)O.3 (g/s)1.3 [0.00161 (wi c) I e
sh ]1.5 - 0.85 = 3.32 
4>d = 0.0056+0.0189/(1+0.7r-1.4) = 0.0223 
iJ5d = [1 + (t' - to)/10't'shr°.5 <Pd (esh 106) = 1.84 
Sd(t,t') = [1 + (3 'tsh)/(t - 1')r°.35 = 0.96 
E(3) 1(3+ 1, 3t1 = [(1 + 4>1(1'-1 + o:)(t - t,)n I Eorl = 3.85 x 106 psi 
Creep coefficient 
cp(t) = E(3) [l/Eo + Co(t,t') + Cit,t'to)] = 3.56 
Losses due to creep and shrinkage:-
p 
= m~oq, + eshEs = 275.4 N/mm2 (24.0%) 
1 + mp (1+e2/i2)(I+'7ct» 
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Relaxation:-
Assuming a further long-term relaxation of 20/0 = 20.5 N/mm2 (1.8%) 
Totallosses:-
Elastic deformation -
Relaxation = 
Creep and shrinkage = 
108.8N/mm2 
11.5 + 20.5 = 32.0 N / mm2 
275.4 N/mm2 
9.5% 
2.8% 
24.0% 
36.3% 
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D2.9 BS5400 
Concrete strength @ 3 days fei = 40 N/mm2 (say) 
32 kN/mm2 (say) Elastic modulus of cone. @ 3 days Eei 
Elastic deformation:-
= 
Change in stress d<Ts = mC'ci = 200/32 x 17.4 = 108.8 N/mm2 (9.5% of initial stress) 
Relaxation of the steel:-
Total relaxation assumed as 3% (low relaxation strands) with 1 % assumed to have 
taken place prior to transfer, 1 % = 11.5 N/mm2 (1%) 
At transfer:-
0;= 1026.7 N/mm2 
~o = 10.8 + 9.0 - 4.58 = 15.2 N/mm2 
Mter transfer:-
Relaxation:-
Remaining steel relaxation = 2% x 1026.7 = 20.5 N/mm2 (1.8% of initial stress) 
Creep:-
Creep coefficient 
Shrinkage:-
Shrinkage strain 
~(t) = 
kl = 
km = 
ke = 
ke = 
k- = ] 
<I> = 2.80 
= 
= 
kl km ke ke kj 
2.3 (coeff. for reI. hum. - Lh. = 70%) 
1.6 (coeff. for maturity - 3 days) 
0.8 (coeff. for cement cont. - 400 kg/m3) 
0.95 (coeff. for eff. thickness - 135 mm) 
1.00 (coeff. for time since loading - 6200 days) 
kl ke ke kj 
275 x 10-6 (coeff. for reI. hum. - r. h. = 70%) 
302 
kc = 0.8 (as for creep) 
ke 
k. J 
= 
-
0.93 (coeff. for eff. thickness - 135 mm) 
1.00 (as for creep) 
~cs = 204.6 x 10-6 
Reduction in prestress:-
Ll p = m ~o <I> + cs Es 
1 + P m ( 1 + e2/i2 )[ 1 +"lct> ] 
where '7 = 0.8 (from graph of on = 1.75) 
p = 0.011 
m = 6.25 
(steel proportion) 
(modular ratio) 
i2 = 243545 mm2 (radius of gyration2) 
~p = 217.7 N/mm2 (19.0%) 
Totallosses:-
Elastic deformation = 108.8 N/mm2 
Relaxation = 
Creep & shrinkage = 
11.5 + 20.5 = 32.0 N/mm2 
217.7N/mm2 
."ERSllY OF SURREY U88AR1 
9.5% 
2.8% 
19.0% 
31.3% 
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